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Abstract 
 
This thesis describes the development of donor-acceptor conjugated 
copolymer fullerene blends for applications in bulk heterojunction organic 
solar cells. The characterisation of the optoelectronic properties of the 
blends as well as the optimisation of such materials into organic 
photovoltaic (OPV) devices is described. The use of a composite cathode 
structure (in which a thin layer of calcium is backed by an optically thick 
layer of aluminium) for OPV application is presented. It is shown that this 
cathode structure optimise the power conversion efficiencies of PCDTBT 
based OPVs. The optimisation of the cathode structure was confirmed using 
a reflectivity model that described the electromagnetic field within the OPV 
devices. 
 
The solubility of a number of polymers was increased using octyloxy 
side-chain substituents with device optimisation studies indicating the 
necessity of a thermal annealing treatment to fully optimise device 
performance. Selenophene based conjugated polymers were also 
investigated that had red-shifted absorption characteristics compared to 
comparable thiophene based materials. Despite a reduction in the optical 
energy gap, it was found that these polymers exhibited a lower molar 
absorption coefficient and reduced hole mobility, features that ultimately 
lead to poorer device performance. One selenophene polymer however was 
shown to have similar power conversion efficiency compared with its 
thiophene equivalent. Fluorene based copolymers were also investigated and 
were shown to result in efficient OPV devices through an increase in the 
 vi 
device open-circuit voltage. Finally, a conjugated polymer containing a 
fluorene unit together with additional thiophene moieties and octyloxy 
substituents was characterised. OPV devices were prepared using a simple 
preparation method with power conversion efficiencies demonstrated 
exceeding 6%. 
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Chapter 1 
Introduction 
 2 
The continued increase in the world population as well as the growth in 
power consumption has resulted in the annual world power consumption to 
rise to 16.5 TW in 2012 [1]. This is an increase of 2% over 2011 levels, with 
the total consumption expected to rise to ~ 24 TW by 2030 if this rate 
remains constant. Currently, power is primarily provided from fossil fuels as 
well as nuclear power. Power obtained via renewable sources (including 
wind, geothermal, solar, biomass and waste but excluding hydro-electricity) 
account for only ~ 1.9% of global consumption. This value will most likely 
increase over the next few years in a global attempt to reduce greenhouse 
emissions (for example carbon dioxide, methane and nitrous oxide), in 
accordance with the Kyoto protocol [2]. The combined power generated 
from nuclear energy and renewables (including hydro-electricity) has 
remained relatively constant at 13% over the last 17 years [3]. However, one 
report has stated that all new energy could be produced from renewable 
sources alone by 2030 while replacing pre-existing energy by 2050 [4]. This 
is an uplifting conclusion as it would permit current pollution levels to be 
significantly reduced. 
 
Solar power is one such renewable source which has seen rapid expansion 
and has the potential to have a significant impact on lowering the demand 
for electricity produced by fossil fuels. After taking into account 
atmospheric absorption and reflectivity, the surface of the Earth receives a 
total of ~ 100 PW of power from the sun [5]; approximately 6,000 times that 
of current world consumption. However, solar energy is relatively diffuse 
with a substantial area of land required to generate the energy needed by 
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modern industrial societies. Solar power has advantages on a smaller scale 
through its ability to be placed on households and/or office spaces, thus 
reducing the need to transport electricity from power plants. Research is 
underway to create “building integrated photovoltaics” (BIPV) in which 
components of the building are replaced by solar cells, with particular 
interest in combining solar panels with window glass [6]. It is worth noting 
that although solar power has a large potential, it will take the combination 
of all forms of renewable to replace current fossil fuel technologies [4,7]. 
 
Silicon based photovoltaic devices are a solar energy harvesting technology 
that has undergone > 60 years of development, with 10% efficiency 
demonstrated in 1955 [7], increasing to current value of around 25% [8]. 
Crystalline silicon has a bandgap of 1.1 eV allowing efficient absorption of 
solar radiation as shown in Figure 1.1. The favourable absorption 
characteristic of silicon together with the ease of creating free charge 
carriers upon photoexcitation allows such high device performance to be 
achieved. However, crystalline silicon has an indirect bandgap leading to 
the requirement of large active layer thicknesses which, along with the cost 
of processing high grade silicon, increases the cost of the technology. 
Furthermore, although silicon absorption is efficient within the 400-800 nm 
spectral range, it is poor for longer wavelengths where much of the solar 
flux exists. 
 
 4 
 
Figure 1.1 Normalised solar spectrum incident on the surface of Earth. The 
total solar flux is also plotted. 
 
An alternative inorganic PV material is gallium arsenide (GaAs). This has 
been shown to be the most efficient material from which to construct a 
single junction solar cell, with a maximum efficiency of 28.8% recorded by 
Alta Device [8]. Despite advantages over silicon, including being a direct 
bandgap semiconductor with high absorptivity, such devices are expensive 
with impurities having a significant affect on performance. This 
consequently leads to this technology being used primarily for applications 
in space [9]. 
 
One thin film technology that addresses device cost is organic photovoltaics 
devices (OPVs). This technology has the potential to create cheap, flexible 
and lightweight devices. Here, costs can be reduced as the active 
semiconductor is primarily composed of carbon. Additionally, the active 
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layer can be cast from solution, allowing cheap, large area devices to be 
created. Devices containing such films have optimal efficiency when the 
active layer is very thin (~ 60 nm) due to the semiconductor possessing a 
high absorption coefficient. However, poor mobilities restrict the thickness 
of the active layers being increased above 100 nm. Furthermore, the 
generation of free charge carriers upon photoexcitation remains a critical 
issue for this technology due to the high binding energies between the 
charges. As such, device efficiency is currently limited to ~ 12% [10] and 
device stability remains an important issue that must be solved prior to 
commercialisation. Large scale production techniques have also not yet 
been fully realised although work is in progress [11]. The common usage of 
the metal oxide indium tin oxide ITO (a material often used in research labs 
as the device anode contact) is also problematic due to the limited supply of 
indium, with ITO being in heavy demand from its use in flat screen displays 
and mobile phones. 
 
Another organic thin film technology under current research is 
dye-sensitized solar cells (DSSCs), which have demonstrated highly 
efficient devices with performances of 12% being realised [8]. Due to their 
architecture, DSSCs do not suffer greatly from recombination thus leading 
to efficient charge extraction. However, the use of hazardous materials is the 
major disadvantage of this system. Recently, solid state DSSC solar cells 
have been demonstrated with efficiencies of 15% realised [12]. Here, a 
perovskite film (i.e. a material with a similar structure as carbon titanium 
oxide CaTiO3, in this case methylammonium lead iodide CH3NH3PbI3) was 
 6 
obtained by sequential deposition allowing a greater degree of control over 
the resultant film morphology. 
 
Alternative inorganic thin film technologies are also being explored. These 
include amorphous-silicon (a-Si), copper indium gallium selenide (CIGS), 
cadmium telluride (CdTe, which has also been demonstrated via 
electrodeposition [13]), and copper zinc tin sulphide (CZTS). All of these 
systems possess a direct bandgap which allows the device to use less 
material, although active layer thicknesses remain greater than those used in 
organic semiconductor based devices. Other concerns for these technologies 
include the availability of precious metals (like tellurium) and the toxicity of 
materials like cadmium. The current maximum efficiency for such devices 
is 20.4% from a CIGS solar cell, 19.6% from CdTe and 8.5% from CZTS 
[14]. 
 
It is also worth noting that solar energy may be alternatively harvested via 
thermal processes. There are many technologies using this process such as 
those which are utilised for heating air/water in a residential or commercial 
environment. There are also larger systems which allow high temperature 
collection to enable efficient operation of steam or gas turbines for the 
generation of electricity. Many examples of such installations worldwide 
incorporating a variety of designs exist, for example parabolic troughs, 
towers or Fresnel reflectors. Note that these latter technologies are 
competitive with photovoltaic systems and have the ability to store thermal 
energy over many hours. 
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1.1 – Thesis summary and motivation 
The aim of this thesis is to explore the characterisation and optimisation of 
conjugated donor polymers for applications in organic photovoltaic devices. 
Modifications to the chemical structure of the polymers include the addition 
of sidegroups to enhance polymer solubility, the replacement of particular 
heteroatoms with heavy atoms to red-shift the absorption, and the inclusion 
of additional spacer moieties to improve charge carrier mobility. The 
structure of this thesis is as follows. 
 
Chapter 2 provides a background theory discussing the physics of organic 
semiconductors and their application in organic photovoltaic devices. A 
summary of all polymers presented throughout the remainder of the thesis is 
also provided. The experimental techniques utilised, including the solution 
and device preparation, are described in Chapter 3. 
 
Chapter 4 discusses the optimisation of device structure of organic 
photovoltaic devices utilising the polycarbazole copolymer PCDTBT. 
Optimised device performance was achieved by varying the anode buffer 
layer (hole extraction layer) and the metal cathode. An optical model was 
used to probe the electromagnetic field within devices for the various metal 
cathodes, with results of the model compared with measurements made on 
OPV devices. 
 
Chapter 5 addresses the development of donor-acceptor polymers with 
improved solubility without sacrificing device efficiency. The introduction 
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of solubilising sidegroups on PCDTBT resulted in the polymer:fullerene 
film requiring the use of a thermal annealing step to achieve high device 
performances. Comparing the polymer packing of PCDTBT and its 
substituted analogue demonstrated an increase in chain separation upon 
addition of the sidegroups. Charge carrier mobilities were also explored and 
it was found that substituted polymers were capable of mobilities up to 2.7 x 
10
-3
 cm
2
V
-1
s
-1
; a result likely to be due to a greater degree of backbone 
rigidity upon inclusion of the additional spacer moieties. 
 
Chapter 6 looks at an optimisation study of polymers incorporating either 
sulphur or the heavy atom selenium. Utilising selenium heteroatoms 
resulted in a red-shift in the polymer absorption. Device performance was 
however generally lower for Se-based polymers due to a combination of low 
molar absorptivity and reduced hole mobility leading to lower device 
photocurrent. However, one Se-polymer demonstrated promising efficiency 
compared to its sulphur containing analogue. 
 
Chapter 7 presents a new high performing polymer PFDT2BT-8. Device 
optimisation resulted in the development of a simple casting procedure with 
a maximum device efficiency exceeding 6% demonstrated. Good polymer 
solubility and a high charge carrier mobility are identified as being 
important in achieving such good device performance. 
 
 
 
 9 
References 
1. BP Statistical Review of World Energy. June 2013. 
2. United Nations Framework Convention on Climate Change. 
http://unfccc.int/essential_background/kyoto_protocol/items/1678.php. 
Accessed: November 2013 
3. J.M. Korhonen. (2013) The stagnation of clean energy, with more detail.  
http://jmkorhonen.files.wordpress.com/2013/07/130712_share_of_clean
_energy_from_total_primary_energy_supply_1965-
2012_from_bp_statistical_review.png. Accessed: November 2013 
4. M.Z. Jacobson, M.A. Delucchi, Providing all global energy with wind, 
water, and solar power, Part I: Technologies, energy resources, 
quantities and areas of infrastructure, and materials, Energ. Policy, 
2011, 39, 1154-1169 
5. A. Cho, Energy’s tricky tradeoffs, Science, 2010, 329, 786-787 
6. Heliatek GmbH. Press release 2013. http://www.heliatek.com/wp-
content/uploads/2013/09/Heliatek_AGC_FINAL_26_09_2013.pdf. 
Accessed: December 2013 
7. M.A. Green, The path to 25% silicon solar cell efficiency: history of 
silicon cell evolution, Prog. Photovolt: Res. Appl., 2009, 17, 183-189 
8. P.K. Nayak, D. Cahen, Updated assessment of possibilities and limits 
for solar cells, Adv. Mater., 2013, doi: 10.1002/adma.201304620 
9. R.W. Miles, G. Zoppi, I. Forbes, Inorganic photovoltaic cells, Mater. 
Today, 2007, 10, 20-27 
 10 
10. Heliatek GmbH. Press release 2013. http://www.heliatek.com/wp-
content/uploads/2013/01/130116_PR_Heliatek_achieves_record_cell_ef
ficiency_for_OPV.pdf. Accessed: November 2013 
11. D. Angmo, S.A. Gevorgyan, T.T. Larsen-Olsen, R.R. Søndergaard, M. 
Hösel, M. Jørgensen, R. Gupta, G.U. Kulkarni, F.C. Krebs, Scalability 
and stability of very thin, roll-to-roll processed, large area, indium-tin-
oxide free polymer solar cell modules, Org. Electron., 2013, 14, 
984-994 
12. J. Burschka, N. Pellet, S.-J. Moon, R. Humphry-Baker, P. Gao, M.K. 
Nazeeruddin, Michael Grätzel, Sequential deposition as a route to high-
performance perovskite-sensitized solar cells, Nature, 2013, 499, 
316-319 
13. O.K. Echendu, F. Fauzi, A.R. Weerasinghe, I.M. Dharmadasa, High 
short-circuit current density CdTe solar cells using all-electrodeposited 
semiconductors, Thin Solid Films, 2014, 556, 529-534 
14. M.A. Green, K. Emery, Y. Hishikawa, W. Warta, E.D. Dunlop, Solar 
cell efficiency tables (version 42), Prog. Photovolt: Res. Appl., 2013, 21, 
827-837 
 
 11 
 
 
 
 
Chapter 2 
Background theory 
 12 
2.1 – Introduction 
This chapter focuses on the various physical properties exhibited by organic 
semiconducting materials, and in particular conjugated polymers. Here, the 
discussion includes polymer structure, semiconducting properties and 
energy level manipulation. Section 2.4 then examines criteria for polymer 
solubility. Section 2.5 details the photophysical properties of these polymers 
before addressing the physics of organic photovoltaic (OPV) devices in 
Section 2.6. A brief review of the architecture of OPV devices is then 
provided with a discussion of the use of organic semiconductor materials in 
OPV devices presented in Section 2.8 and 2.9. Finally, a summary of all the 
conjugated polymers explored within this thesis is presented in Section 2.10. 
 
2.2 – Hybridisation 
Certain types of polymers (organic materials in which a monomer is 
covalently bound into a linear macromolecule) have been observed to 
exhibit semiconducting properties [1]. An examination into the formation of 
molecular orbitals in carbon-based molecules provides an insight into this 
property. 
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Figure 2.1 (a) Energy level and population of ground state carbon and (b) 
after sp
2
 hybridisation. Note that at room temperature kT ≈ 0.026 eV; a 
value much lower than the energy required for bond dissociation. (c) 
Chemical structure of an ethene molecule where the σ-orbitals are 
represented by red and π-orbitals are blue. (d) A simplified molecular orbital 
diagram for the ethene molecule. 
 
Carbon has a ground state electronic structure of 1s
2
2s
2
2px
1
2py
1
 which 
results in 4 valence electrons. As carbon is in the 2
nd
 period, the formation 
of 4 bonds is possible to complete the octet rule (i.e. the outer electron shell 
can have a maximum of eight electrons). Figure 2.1(a) displays the energy 
levels and population of the ground state electronic structure with the 
co-ordinate system for the 2p-orbitals chosen arbitrarily. For simplicity, the 
filled inner electron shell (i.e. 1s
2
) will be omitted from further discussions. 
In its current state, and due to the Pauli exclusion principle, only electrons in 
 14 
the 2px and 2py orbitals are available for bonding since the 2s shell is full. 
The formation of 4 equivalent bonds thus requires a process called 
hybridisation. Here, one of the 2s electrons is promoted to an empty 
2p-orbital (the 2pz in this case). This results in an electronic structure of 
2s
1
2px
1
2py
1
2pz
1
 which results in four unpaired electrons. Note that the 
energy required to create this excited state is accounted for during bond 
formation. Although three different kinds of hybridisation (sp, sp
2
 and sp
3
) 
are possible, it is the sp
2
 hybridisation which is of principle importance in 
explaining the electronic structure of polymers with semiconducting 
properties. 
 
In sp
2
 hybridisation, the 2s-orbital and two of the 2p-orbitals undergo 
hybridisation to form three new orbitals, namely sp
2
 hybrid orbitals, 
whereas the remaining 2p-orbital remains unhybridised. Figure 2.1(b) shows 
how the hybrid orbitals differ in energy from their ground state shown in 
part (a) while maintaining the conservation of energy. The sp
2
 hybrid 
orbitals are responsible for the covalent bonds (σ-bonds) with other atoms 
while an overlap of the remaining 2p-orbitals can lead to the formation of 
π-bonds that exist parallel to the plane created by the σ-bonds. This leads to 
a trigonal arrangement for the σ-bonds, as shown in Figure 2.1(c) which 
highlights the chemical structure of an ethene molecule (consisting of 2 
carbon atoms and 4 hydrogen atoms). In common parlance, σ-bonds are 
referred to as single bonds while the combination of a σ-bond and a π-bond 
is referred to as a double bond. It is worth noting that the σ-bond is more 
localised than the weaker π-bond, as will be explained later. Conjugated 
 15 
polymers require the presence of alternating single and double bonds with 
the delocalisation of the π-electrons between neighbouring carbon 
molecules providing conjugated polymers with their semiconducting 
properties. Figure 2.2 displays the difference in chemical structure between 
(a) non-conjugated polyethylene and (b) conjugated polyacetylene. 
 
 
Figure 2.2 Graphical representations of (a) polyethylene and (b) 
polyacetylene. Short-hand notation of polyacetylene is displayed in (c) in 
which the carbon and hydrogen atoms are not plotted. 
 
π-bonds are formed from unhybridised 2p-orbitals which, as shown in 
Figure 2.1(b), have a higher energy than the sp
2
 hybrid orbitals. Figure 
2.1(d) displays a simplified molecular orbital diagram for the bonds between 
the carbon atoms on an ethene molecule. It can be seen that the Highest 
Occupied Molecular Orbital (HOMO) corresponds to the π-bonding (or 
more specifically the π-electron cloud). The Lowest Unoccupied Molecular 
Orbital (LUMO) corresponds to the unoccupied π*-antibonding orbital. The 
difference in energy between these energy levels is defined as the materials 
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energy gap. The HOMO and LUMO levels can be thought as being similar 
to the valence and conduction bands respectively found in a conventional 
inorganic semiconductor. Bonding occurs when two orbitals are in phase, 
leading to the lowest possible resultant energy, whereas anti-bonding occurs 
from orbitals that are out-of-phase and consequently have a higher energy. 
These are summarised in Figure 2.3. 
 
 
Figure 2.3 π-orbital overlap for (a) bonding and (b) anti-bonding orbitals. 
Note that the in-phase overlap (or bonding orbital) is of lower energy and 
corresponds to the HOMO energy level, whereas the anti-bonding orbital is 
associated with the LUMO energy level. 
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Promoting an electron from the HOMO level to the LUMO level changes 
the structure from bonding (π) to anti-bonding (π*). If, hypothetically, in the 
case of polyacetylene (Figure 2.2(b)) each carbon atom were equidistant 
from one another then the π-electrons would be delocalised along the 
polymer chain. The π and π* states would therefore be equivalent (with no 
way of distinguishing between the two states), consequently leading to the 
absence of an energy gap. This infinite chain would thus result in the 
polymer being metallic. However, this is not the case due to Peierls 
instability; here it was shown that a one-dimensional metal is unstable to 
lattice distortions [2]. Polyacetylene undergoes a lattice distortion which is 
referred to as bond length alternation (BLA). Here, the single and double 
bonds are not equidistant but instead exhibit different distances between 
neighbouring atoms, as shown in Figure 2.4. Indeed it was shown 
experimentally that the distances for single and double bonds in 
polyacetylene were 1.36 and 1.44Å respectively [3]. This bond length 
alternation results in an energy gap with the bonding state being 
energetically more stable.  The electron density is also affected and is no 
longer extended over the entire polymer chain, but is instead delocalised 
over a few repeat units. As a consequence, polyacetylene is a semiconductor 
(rather than a metal) with an energy gap of 1.4 eV [4]. 
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Figure 2.4 Peierls instability for a conjugated chain of carbon atoms. Note 
that the π-electron cloud is depicted by ellipses, with the double bonds 
leading to a higher density. 
 
A popular aromatic hydrocarbon is the benzene ring, which frequently 
appears within conjugated polymers such as those presented throughout this 
thesis. Note that the most favourable arrangement for sp
2
 hybrid orbitals is a 
trigonal arrangement with bond angles of 120˚. This therefore allows 
σ-bonding six sp2 carbon atoms in a regular hexagonal configuration. Here, 
the resultant benzene ring, shown in Figure 2.5, leads to a complete 
delocalisation of the π-electron throughout its structure. This is an important 
property for conjugated polymers as discussed above. 
 
 
Figure 2.5 Chemical structure of the benzene ring. The delocalised 
π-electron is represented by a ring within the structure, a superposition of 
the two single-double bond structures displayed on the right hand side. 
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2.3 – Energy gap engineering 
Conjugation (via bond length alternation) can have a significant affect on 
the energy gap of a material. Indeed, the difference between the energy gaps 
of the saturated polyethylene and the conjugated polyacetylene (structures 
shown in Figure 2.2(a) and (b) respectively) reveals that the latter has a 
much lower energy gap [5]. Increasing the electronic delocalisation also 
affects the energy gap. Although electronic delocalisation is restricted to 
several repeat units, other factors can also affect conjugation thereby 
influencing the energy gap; the remainder of this section details various 
other approaches in which polymer design can be used to tune this property 
and thereby create OPV materials suitable to harvest an increased spectral 
range. 
 
Polymers in their ground π-bonding state are referred to as “aromatic” 
whereas their excited π* anti-bonding state is “quinoidal”. It is possible to 
modify the energy gap by designing components where the quinoidal 
structure is more energetically favourable, for example 
polyisothianaphthene PITN [6], the poly(thienothiophene benzodithiophene) 
PTB family [7-9], or the similarly structured PBDTTT family [10-12]. This 
leads to a lowering of the energy gap by reducing the bond length 
alternation. A detrimental effect is however seen from this manipulation 
through the reduction in the HOMO energy level (which consequently 
affects the performance of an OPV device via a reduction in open circuit 
voltage Voc). An alternative approach is to introduce either 
electron-donating or electron-withdrawing substituents along a polymer 
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backbone, for example replacing hydrogen atom(s) with fluorine [13-16]. 
Polymers with a donor-acceptor architecture (in which the “donor” 
component is electron-rich and the “acceptor” is electron-poor) can be used 
to fine-tune the HOMO and LUMO energy levels through the choice of 
each component [17-18]. This therefore allows an optimisation of the 
energy gap without any reduction in device efficiency. Similarly, replacing 
a heteroatom (a non-carbon atom within a conjugated ring) with another 
atom can affect a structure’s electron-richness (or electron-deficiency), 
aromaticity (the tendency for a unit to localise an electron) or quinoidal 
structure resulting in modified energy levels [19-24], see Chapter 6 for 
additional details. Side chains (such as those discussed in further detail in 
Chapter 5) may also have an influence depending on their selection as well 
as their positioning [25-26]. 
 
2.4 – Polymer solubility 
An attractive feature for conjugated polymer photovoltaic devices is the 
ease in which the active layer may be created. For example, the polymer 
may be dissolved in a solvent and then spin or spray coated onto a substrate. 
Polymer solubility is therefore a key parameter for device fabrication as 
well as understanding consequences from the polymer alterations described 
in the previous section. A polymer dissolves in a solvent if the interactions 
between polymer and solvent molecules satisfy the following requirements. 
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The Gibbs free energy upon mixing the two components is: 
 
mmm STHG              {2.1} 
 
where ΔHm (ΔSm) is the enthalpy (entropy) change upon mixing and T is the 
absolute temperature. The enthalpy and entropy of the mixing may be 
broken down to expressions involving the interactions between polymer and 
solvent molecules. This leads to: 
 
21NkTHm   & )lnln( 2211  NNkSm      {2.2} 
 
where k is the Boltzmann’s constant, χ is the interaction parameter, N1 (N2) 
is the number of solvent (polymer) molecules and φ are the lattice volume 
fractions. Note that the polymer is divided into x segments such that each 
segment has a comparable size as the solvent molecule. This results in the 
lattice volume fractions being defined as φ1 = N1/N and φ2 = xN2/N, with N 
being the total number of molecules. Inputting the expressions from 
equation 2.2 into 2.1 results in: 
 
)lnln( 221121  NNNkTGm    {2.3} 
 
In order for the polymer to dissolve in the solvent, ΔGm must be negative 
which requires χN1φ2 < N1lnφ1 + N2lnφ2 (since lnφ < 0). The interaction 
parameter χ is inversely dependent on temperature. Therefore, increasing T 
allows a reduction in χ and thus an increased polymer solubility. Polymer 
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solubility may also be improved by the inclusion of soluble sidegroups. 
These groups cause an increase in the solution entropy therefore allowing 
greater solubility. This technique is explored in Chapters 5 and 6. 
 
2.5 – Photophysics of conjugated polymers 
One of the key properties of many conjugated polymers is their ability to 
efficiently absorb photons in the visible region of the solar spectrum. 
Energy gap engineering therefore becomes a critical part in conjugated 
polymer design for OPV applications as such energy gaps define the 
polymer’s possible absorption wavelength range; see Figure 2.6 for an 
example of polymers with differing energy gaps. 
  
 
Figure 2.6 An optical image of 11 different polymers having differing 
absorption characteristics. Chemical name and structure of each polymer is 
provided in the Appendix. 
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Figure 2.7 displays an energy level diagram based on the Frank-Condon 
principle. Here, the S0 and S1 singlet states are the ground and excited states 
respectively. Each state also contains a variety of quantised vibrational 
levels (n) forming a ladder of states. Such energy levels can thus be labelled 
as S0,n. 
 
 
Figure 2.7 Energy level diagram of the ground state S0 and the first excited 
state S1 including vibrational states and electronic transitions. 
 
A ground state electronic transition occurs when a photon with energy 
greater than, or equal to, the energy gap is absorbed by an electron in the S0 
state. This transition occurs in a shorter time than nuclear motions (i.e. 
before spatial alterations of the nuclei) and is therefore depicted by a 
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straight line (Frank-Condon transition) in the energy level diagram. If the 
photon possesses an energy slightly greater than the energy gap, the electron 
is initially promoted to a higher vibrational mode which then undergoes fast 
radiationless relaxation to its equilibrium configuration (i.e. n = 0), over 
timescales of ~ 0.1 ps [27]. An excitation from S0,0 to S1,n, (or HOMO → 
LUMO) will also cause the bonding structure along the backbone to reorder 
from aromatic to quinoidal. 
 
Upon photoexcitation, an electron is located in an excited state leaving 
behind a hole in the ground state. This electron-hole pair is referred to as an 
exciton which has a neutral charge and is bound coulombically. Figure 2.8 
displays the different bond structure of the polymer p-(phenylene vinylene) 
upon photoexcitation. Exciton recombination may occur over timescales 
between 100 ps and 1 ns [28]. This is however longer than the timescale for 
radiationless relaxation of excited electrons to the n = 0 vibronic energy 
level, and thus fluorescence emission to the S0 ground state occurs once the 
equilibrium configuration of the excited state has been reached. At this 
point, a photon of equal or lower energy than that for absorption can be 
emitted (as can be seen from the energy difference from S1,0 → S0,n in 
Figure 2.7). 
 
 25 
 
Figure 2.8 Chemical structure of p-(phenylene vinylene) in (a) its ground 
state and (b) after photoexcitation. The delocalisation of the exciton in part 
(b) is depicted by the ellipse. Note that bond length alternation has not been 
included in either part. 
 
A key difference between the excitons created in organic materials 
compared to those in an inorganic semiconductor is the exciton binding 
energy of the electron-hole pair. Organic materials possess a relatively low 
dielectric constant, εr, with typical values of 3-4 [29-30]. This therefore 
results in a high Coulombic attraction between the electron-hole pair, with 
such excitons referred to as Frenkel excitons. Conversely, inorganic 
semiconductors have higher dielectric constants, smaller exciton binding 
energies (<< kBT) and are less localised thus enabling the generation of free 
charge carriers at room temperature. Further details are provided in Section 
2.6 regarding the processes for OPV materials. 
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An alternative method of recombination to the singlet ground state S0,0 is 
phosphorescence in which an electron relaxes from an excited triplet state 
(T1), rather than from the excited single state S1,0. The T1 state can be 
populated from intersystem crossing from the S1 manifold. 
 
We can describe an exciton through the description of its wavefunction. 
These wavefunctions can be separated into two components of angular 
momentum; orbital and intrinsic (i.e. spin). The Pauli exclusion principle 
states that the overall wavefunction must be antisymmetric. This results in 
no two electrons with the same spin occupying the same orbital, therefore 
limiting the number of electrons that can populate any given energy level. 
Electrons have a spin value of s = ½, and thus electron-electron or 
electron-hole coupling is permitted provided the total spin, S, of the system 
is S = 0 (antisymmetric, singlet) or S = 1 (symmetric, triplet). 
 
The excited singlet state has an overall spin S = 0 and can be expressed by 
the following spin wavefunction: 
 
      {2.4} 
 
Here, the two electrons occupy the same orbital (the S1). The Pauli 
exclusion principle is therefore satisfied (i.e. the total wavefunction is 
antisymmetric upon particle exchange) as the spin is antisymmetric. There 
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are three combinations in which the spin part of the wavefunction may be 
symmetric (i.e. a total spin S = 1): 
 
   {2.5} 
 
These are the triplet states which have a symmetric spin and an 
antisymmetric orbital wavefunction. As electrons experience a reduced 
repulsion from one another as they occupy different orbitals, electrons in a 
triplet wavefunction have a lower energy than those in the excited singlet 
energy level. 
 
The singlet ground state S0 is described by: 
 
       {2.6} 
 
It is important to note that for an optical transition to be allowed, the change 
in the intrinsic angular momentum quantum number (S) must equal 0, i.e. 
ΔS = 0, however the change in the orbital angular momentum quantum 
number (L) must not be zero, e.g. ΔL = 1. This, for example, is satisfied by 
the absorption transition from S0 → S1 as these states have an orbital 
angular momentum of L = 0 and 1 respectively. Here, the angular 
momentum possessed by the absorbed photon provides this change. Both 
states also have a total spin of S = 0 which satisfies the ΔS = 0 selection 
rule. Similarly, the inverse transition (fluorescence) is possible, again due to 
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the fulfilment of the selection rules. It can be seen however that this is not 
the case for the S0 → T1 transition as ΔS ≠ 0, making the transition dipole 
forbidden. It is however possible for triplet transitions to occur due to 
spin-orbit coupling; an interaction between the particle’s spin and its orbital 
angular momentum. S0 → T1 transitions are therefore possible providing the 
spin of the electron “flips”. Populating the triplet state is most likely via 
intersystem crossing, i.e. S0 → S1 → T1. Relaxation to the ground state from 
the triplet state by emission of a photon is called phosphorescence and has a 
longer lifetime than fluorescence as the T1 → S0 transition requires 
spin-orbit coupling. There are therefore several processes in which an 
excited electron may relax to the ground state. Figure 2.9 summarises such 
processes using a Jablonski diagram. 
 
Note that the spin-orbit coupling process is more likely for atoms with a 
high orbital quantum number. Here, heavy atoms increase the spin-orbit 
interactions thus leading to enhanced intersystem crossing transitions [27]. 
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Figure 2.9 Possible electronic transitions as illustrated by a Jablonski 
energy diagram. Radiative and non-radiative transitions are indicated by 
straight and curved lines respectively. 
 
2.6 – Device physics of organic photovoltaic devices 
2.6.1 – Exciton diffusion 
Upon photoexcitation an exciton is created which is strongly bound due to 
Coulombic attraction. To separate the electron and hole pair in a Frenkel 
exciton prior to recombination, the exciton must reach an interface with 
favourable energy to allow its dissociation into free charge carriers [31]. 
The exciton may diffuse (via a hopping process) either along a polymer 
chain (intrachain) or between chains (interchain). The efficiency of exciton 
diffusion is described by its diffusion coefficient, D. The distance an exciton 
can travel prior to recombination can be quantified by the exciton diffusion 
length (LD) which is given by [32]: 
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DτLD       {2.7} 
 
in which τ is the photoluminescence decay lifetime. If the average distance 
between donor-acceptor interfaces is smaller or comparable to the exciton 
diffusion length, then it is likely that it will be separated into free charge 
carriers. 
 
Exciton diffusion results from two energy transfer mechanisms; namely 
Förster resonance energy transfer (FRET) and Dexter energy transfer, with 
both processes summarised in Figure 2.10(a) and (b) respectively. In the 
case of FRET, an excited donor molecule transfers energy to the ground 
state acceptor molecule via non-radiative dipole-dipole coupling [33]. This 
process is inversely dependent on the donor-acceptor separation distance 
(r
-6
) and the overlap between the donor emission and the acceptor 
absorption spectra, as well as the relative orientation of their dipole 
moments. Dexter energy transfer, on the other hand, involves electrons 
being directly transferred from the donor to the acceptor [34]. This process 
is dependent on the donor-acceptor separation distance and the 
wavefunction overlap, i.e. the overlap of the electron cloud. This restricts 
the donor-acceptor separation to distances of < 2 nm, instead of ~ 3-6 nm 
for FRET [34]. From the previous discussion regarding spin-orbit coupling, 
it can be seen that triplet diffusion by FRET has a low probability. This is 
because the excited donor triplet state would require its spin to “flip” as well 
as the acceptors ground state transition to an excited state (shown in Figure 
2.10(c)). In the Dexter energy transfer, however, the exchange of electrons 
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from donor to acceptor conserves the spin of the transferring excited triplet 
state and ground state, as shown in Figure 2.10(d). Therefore, Dexter energy 
transfer is capable of diffusing triplet states as well as singlet states. 
 
 
Figure 2.10 Schematic of the possible exciton diffusion processes: (a) 
Förster resonance energy transfer, FRET, and (b) Dexter energy transfer. (c) 
Triplet-triplet energy transfer for FRET (requires spin-orbit coupling) and 
for (d) Dexter energy transfer. 
 
2.6.2 – Exciton dissociation 
Dissociation is the process in which the components of the exciton (i.e. the 
electron and the hole) separate into free charge carriers. The process of 
dissociation occurs at a donor-acceptor interface providing it is energetically 
favourable [31]. This may be achieved if the LUMO energy level of the 
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acceptor is further away from the vacuum level that that of the donor [35]. 
This creates an energetic driving force and, provided the energy level 
difference is larger than the exciton binding energy [31], the exciton may 
dissociate into a geminate pair in which the electron and hole are still bound 
together but each exist in a different material. The geminate pair exists 
within a charge-transfer (CT) state. The energy of this state must be lower 
than the LUMO singlet levels otherwise energy transfer, rather than charge 
transfer, will occur [36]. 
 
Following this transfer process the electron-hole pair may undergo 
separation into free charge carriers if the internal electric field is sufficient 
to break the Coulomb attraction for the geminate exciton. The dissociation 
of charges in the CT state may also be expressed by the Onsager theory, to a 
first approximation [28]. Here, thermal energy possessed by the excited 
electron may be enough to overcome the attraction for the exciton. The 
dissociation and separation operations are displayed schematically in Figure 
2.11. 
 
One study characterised the CT state for a variety of donor polymers 
blended with an assortment of fullerene adducts [36]. They demonstrated 
that as the energy difference between the CT state and the lowest 
component absorption onset reduced below 0.35 eV, a decrease in the 
photogeneration rate was observed. This was due to the activation of singlet 
emission observed through electroluminescence, as well as the lack of 
photoluminescence quenching, consequently reducing the device 
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photocurrent. Therefore, the energy levels for choosing a polymer:fullerene 
system is critical to achieve efficient device performance. Indeed, if the 
energy level difference is not greater than the exciton binding energy (~ 300 
meV) then electron transfer to the acceptor is not necessarily favourable. 
Conversely, an energy difference that is much larger than the binding 
energy does not exhibit any beneficial characteristics, as the resultant device 
efficiency is reduced through a decrease in the open circuit voltage Voc [37], 
see Section 2.6.5. 
 
 
Figure 2.11 Schematic of exciton diffusion and its subsequent dissociation 
at a donor-acceptor interface to create a geminate pair (a-c). This process is 
followed by separation and transport of free charge carriers (d). 
 
There are, however, several possible detrimental effects that may occur 
during the processes discussed above and are summarised in Figure 2.12. 
Recombination of the excited electron (a) can occur if the separation 
between the exciton and the interface is greater than the exciton diffusion 
length. Similarly, part (b) shows geminate recombination which may happen 
if the exciton is not separated into free charge carriers (this could be related 
to the disorder within the active layer and/or the internal field of the device). 
If energy transfer occurs instead of charge transfer, i.e. both electron and 
hole transfer to the acceptor, then recombination may occur within the 
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acceptor (c). A final detrimental effect is for a free electron and hole to 
recombine with each other (d); a process known as non-geminate 
recombination that can be caused by electronic traps within the material. 
 
 
Figure 2.12 Various recombination processes in a donor-acceptor junction. 
(a) Excited state recombination, (b) geminate recombination, (c) 
recombination after energy transfer, and (d) non-geminate recombination. 
 
2.6.3 – Charge transport 
Following exciton dissociation, free charge carriers created need to be 
transported to an electrode for extraction. Charge transport in organic 
semiconductors is affected by the weak intermolecular coupling between 
molecules, as well as their spatial and energetic disorder. Consequently, 
charges are localised to a single molecule and transport occurs by 
phonon-assisted hopping (a process dependent on temperature and electric 
field). The activation energy for charge transport can be separated into two 
components: a disorder contribution and an intra/intermolecular contribution 
in which thermal activation is required for both. A Gaussian disorder model 
has been used to give a description of charge transport. The distribution of 
energetic states, g(E), in a disordered system is given by [38]: 
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where E is the energy of the site and σ is a disorder parameter (which 
determines the width of the transport distribution). The shape of the density 
of states can be inferred from the shape of the absorption spectra (caused 
from inhomogeneous broadening) in an amorphous organic material 
[38-39], since no direct experimental proof can be obtained. 
 
The Miller-Abrahams equation gives the transition rate for phonon-assisted 
hopping, υij, between molecular sites i and j as [40]: 
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Here υ0 is the attempt-to-jump frequency, γ is the inverse wavefunction 
localisation radius (or coupling matrix element between sites), Δrij is the 
distance between the sites, and Ei (Ej) is the energy of the occupied site i 
(unoccupied site j). In the condition where Ei ≥ Ej, it is energetically 
favourable for charge transport to only occur by hopping from site i to j 
(neglecting thermal activation and the presence of an external electric field). 
 
When an electric field is applied, charge transport is typically characterised 
by the charge carrier mobility, μ, which is dependent on temperature and the 
applied field. The applied electric field, F, will tilt the density of states 
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thereby lowering the energy for charge transport [41]. Through the use of 
Monte-Carlo simulations and with the assumption that the HOMO energy 
levels of the disordered system form a Gaussian distribution about an 
average, Bässler derived the following equation for μ(T,F) [38]: 
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In equation 2.10, the mobility includes a diagonal disorder (which addresses 
the energetic distribution), σ, and an off-diagonal disorder (positional 
disorder), Σ. The μ0 variable is the zero-field mobility (at infinite 
temperature) while C is a constant related to the intermolecular spacing. 
 
Throughout Chapters 5-7, charge carrier mobility will be expressed through 
values determined from organic field effect transistors (OFET), although 
other measurements are possible, namely time-of-flight (TOF) and space 
charge limited current (SCLC). While SCLC measurements would also be 
applicable for the polymers presented in this thesis, TOF measurements 
(which require a thick semiconductor layer) would not be practical due to 
the low solubility of some of the polymers studied. It is worth noting that 
the carrier density and electric fields differ in each setup therefore 
influencing the resultant mobility. Although OFET devices are not ideal to 
determine bulk transport characteristics in OPV device (as the active layer is 
comprised of a blend of two materials), the measured mobilities can be 
compared to provide an upper approximation of the effectiveness of the hole 
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mobility for a variety of donor polymer systems. It is important to achieve 
similar hole and electron mobilities (~ 10
-3
 cm
2
V
-1
s
-1
) in the active layer. 
This allows balanced charge transport in the device, which is limited by the 
material with the lower value, consequently improving device performance. 
Additional information regarding the OFET architecture and analysis is 
presented in Section 3.8. 
 
2.6.4 – Charge extraction 
Following the transport of free carriers to their respective electrodes, charge 
extraction may take place providing that the electrode materials have an 
appropriate work function. Note that in OPV device, the morphology and 
vertical stratification (the vertical distribution of materials between the 
electrodes) play a critical role in many of the processes presented above, and 
can also determine the efficiency of the extraction process. For example, if 
there is an abundance of the donor material positioned close to the cathode 
(electron extracting electrode), charge extraction may be reduced as a result 
of increased non-geminate recombination. 
 
The device electrodes should therefore satisfy the following: 
 
acceptorcathode
donoranode
LUMO
HOMO


           {2.11} 
 
where Φ is the work function. Electrodes which satisfy equation 2.11 are 
referred to as being in ohmic contact. A built-in potential, created by the 
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differing energy levels, is obtained which consequently dictates the 
direction in which free charge carriers travel; resulting in enhanced charge 
extraction by limiting geminate and non-geminate recombination. 
 
In the metal-insulator-metal (MIM) picture, the open circuit voltage (Voc) of 
the device is predicted to be related to the difference between the work 
function of the two electrodes. However, for a bulk heterojunction organic 
photovoltaic device, it has been observed that the energy levels of the donor 
and acceptor components in the active region play a significant role in the 
determination of the device Voc [42-43]. It is generally accepted that, 
simplistically, the Voc follows [44]: 
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where e is the elementary charge and E is the energy of the corresponding 
component’s energy level. The empirical factor of 0.3 V in equation 2.12 
accounts for the difference between the Voc and the built-in voltage. 
 
Another study observed a similar relation for the Voc with the empirical 
factor instead accounting for the binding energy of the geminate pair after 
charge transfer [45]. It has also been seen that the Voc can have a 
dependence on charge transfer states [46], recombination [47] and light 
intensity [47-49]. Careful energy level matching between the work function 
of the anode and cathode electrodes with the active layer components (either 
through careful material selection or the introduction of buffer layers 
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[50-52]) can also have an influence. Similarly, the morphology of the active 
layer may alter the device Voc [53-54]. 
 
The uses of a buffer layer between the materials and the metal electrodes 
(more details can be found in Section 3.3 and Chapter 4) have been used to 
improve device performance. The primary objective of such a layer is to 
reduce the energy barrier for charge extraction (thus preventing losses to the 
device Voc), but can also provide protection for the active semiconductor 
from oxygen and humidity [55]. Furthermore, they can block charges 
(reduce charge leakage) [51,56] as well as redistributing the electric field 
distribution [57-58] (detailed in Section 3.10). The use of such layers have 
become common practise in OPV devices. 
 
2.6.5 – Device characterisation 
Characterisation of device performance is typically obtained by measuring a 
J-V curve under simulated solar radiation. Here, the device is subjected to 
an applied voltage while under illumination such that photogeneration, 
exciton diffusion, dissociation, and extraction may be performed. The power 
conversion efficiency (PCE) of the device is therefore governed by the 
effectiveness of these processes. Figure 2.13 displays a typical J-V curve 
with the parameters of interest annotated. Note that short-circuit is at V = 0 
V, and open-circuit is when J = 0 mAcm
-2
. 
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Figure 2.13 J-V characteristic displaying the location of Jreverse bias, Jsc, Voc, 
JMP and VMP. A power profile is also shown to highlight the maximum 
power point. The green box denotes the maximum power, used for 
calculating the fill factor of the device. Energy level tilting due to the 
applied voltage is also demonstrated at reverse bias, short-circuit and 
open-circuit. 
 
The device performance can then be calculated by: 
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where Pout (Pin) is the output (input) power, MP represents the maximum 
power point of the device, Jsc is the short-circuit current, Voc is the 
open-circuit voltage and FF is the fill factor, which is defined as: 
 
ocsc
MPMP
VJ
VJ
FF       {2.14} 
 
The J-V characteristic of a highly efficient device will therefore include a 
deep lying Jsc, a high Voc and a sharp curve at maximum power (for high FF 
values). Since OPV devices are designed to transport charges in a certain 
direction, the J-V characteristics may be expressed via a diode law. The 
equation for a non-ideal diode is given by: 
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where J0 is the dark current, V the voltage and n the diode ideality factor (a 
value between 1 and 2). This does not take into account the various 
resistances within a device or the photocurrent produced when under 
illumination. Therefore, equation 2.15 can be modified to take these 
parameters into consideration: 
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In equation 2.16, Rs is the series resistance (accounting for resistance of bulk 
transport, interface transfer and transport through the contacts), Rp is the 
parallel resistance (or shunt resistance which accounts for leakage in the 
device) and Jph is the photocurrent. The expression J0 multiplied by the 
square parentheses describes the diode current. 
 
 
Figure 2.14 Equivalent circuit of an OPV device where J can be expressed 
by equation 2.16. Note that a capacitor is omitted as it may be contained 
within the diode and once it has been filled, the presented circuit holds true. 
 
An organic photovoltaic device can be expressed as an equivalent circuit, as 
shown in Figure 2.14. For an ideal device, it can be seen that a large value 
of Rp will prevent current leakage and a small value of Rs will improve 
performance by reducing the resistance within the device (i.e. from bulk 
transport, interface transfer as well as the transport through contacts). These 
parameters have a distinct influence on the shape of the J-V curve with Rp 
primarily affecting the slope of the diode at short circuit and Rs influencing 
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the slope around open-circuit [59-60], as shown in Figure 2.15. Both 
parameters clearly have a parasitic effect on the device FF. 
 
 
Figure 2.15 J-V curves representing the influence of (a) the parallel 
resistance Rp and (b) the series resistance Rs. 
 
2.7 – Organic photovoltaic architecture 
The architecture of an OPV device has evolved throughout the years. Initial 
devices were based on a single junction, where one material was deposited 
between two metal electrodes that possessed different work functions and 
therefore created an internal electric field. However, the efficiency of such 
devices was restricted to < 1% due to poor FF values (most likely due to 
large series resistances and/or because of the strong exciton binding energy). 
For example, Ghosh et al. positioned a tetracene active layer between 
aluminium and gold electrodes creating a device having an efficiency of 
10
-4
% in 1973 [61]. The same group further enhanced performance to 0.7% 
by using a merocyanine dye [62]. 
 
The use of a heterojunction (or bilayer) consisting of a thermally evaporated 
copper phthalocyanine (CuPc) layer followed by a perylene tetracarboxylic 
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derivative (PV) was implemented in 1986, with a PCE of ~ 1% being 
realised [63]. This device also incorporated a transparent indium tin oxide 
(ITO) electrode, which is now common practice for OPVs. The primary 
advantage of this device was the large improvement in the FF, with values 
of 65% being observed (compared with ~ 30% from merocyanine devices 
[62,64]). The bilayer architecture presented a method to dissociate excitons, 
with one material being used to transport holes (donor) and the other 
electrons (acceptor). 
 
However, as described by equation 2.7, excitons must be created within a 
distance equivalent to the exciton diffusion length from an interface to allow 
the possibility of dissociation. Therefore, although this heterojunction 
provided an increase in device performance, losses were still present as only 
excitons created near the donor-acceptor interface could be separated into 
free charge carriers. A different architecture was incorporated in 1995 that 
addressed the losses observed from polymer-based heterojunction devices 
[65-66]. This type of device was termed a bulk heterojunction (or BHJ), and 
consisted of two materials that were intimately mixed together. Although 
such a structure can be formed via co-evaporation of low molecular weight 
molecules [67] or small molecules [68-69], solution processed materials can 
also be utilised. The choice of solvent for solution processed materials can 
help determine the resultant active layer morphology. The evaporation rate 
of a solvent, as well as the material’s solubility, can play a crucial role in 
defining the length-scales of phase separation (the de-mixing of the two 
materials in a thin film). In an ideal device, the length-scales of phase 
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separation should be commensurate with the exciton diffusion length, but 
not so fine that it cannot form an interpenetrating network to extract 
charges. 
 
A different architecture used for bulk heterojunction active layers is an 
inverted device structure where the ITO layer is instead utilised as the 
electron withdrawing electrode (i.e. the cathode). Inverted devices use a 
variety of different buffer layers at both electrodes while device operation is 
mostly unchanged. For example, a PTB7:PC70BM device with an ITO/PFN 
cathode and a MoOx/Al(or Ag) anode has realised device efficiency of 
9.2% due to improved light harvesting capabilities [70].  Inverted devices 
have the ability to use air-stable high work function buffer layers and metal 
electrodes. This reduces the possibility of oxidation of these layers 
compared with the typical low work function materials in a normal 
architecture. The vertical stratification of the active layer may also be a 
reason for the use of an inverted device architecture. Despite these 
improvements, maximum device efficiencies are similar for both normal 
and inverted device architectures. 
 
An alternative architecture is to use a multi-junction (tandem) cell. An 
energy level diagram of a typical device is displayed in Figure 2.16. Here, 
two (or more) sub-cells are combined by an intermediate recombination 
layer and can be processed by solution processing or thermal evaporation. 
Each sub-cell is designed to harvest the solar spectrum at distinct 
wavelengths to allow the overall device the opportunity to absorb a greater 
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portion of sunlight. This allows the device to reduce losses via 
thermalisation of absorbed photons with energy greater than the optical 
energy gap. Careful selection of the materials used for the recombination 
layer is also needed to satisfy the following requirements, among others 
[71]: high transparency, balanced recombination, processing conditions, and 
stability. Efficient devices have recently utilised a PEDOT:PSS and zinc 
oxide (ZnO) recombination layer allowing PCEs greater than 7%. 
 
 
Figure 2.16 Energy level diagram of a two sub-cell tandem device, with 
donors of differing energy gap Eg. Sub-cell 1 uses a polymer with a greater 
energy gap to reduce thermalisation losses. The acceptors are represented by 
a similar material, although this does not need to be the case. The blue (red) 
part of the recombination layer represents the electron (hole) transporting 
layer. 
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The most efficient tandem devices reported have been 10.6% [72] and 12% 
[73] for polymer and small molecule active layers respectively. The overall 
device metrics of the tandem cell strongly depends on the individual cells. It 
can be seen that the overall Voc is given by the sum of the Voc of the 
individual sub-cells, as evident from review articles, for example [71]. The 
short circuit current, Jsc, is governed by the sub-cell with the smallest 
individual value. Therefore, careful consideration of the materials used in all 
sub-cells (as well as the recombination layer) is important to reduce losses 
in tandem devices. 
 
2.8 – Fullerenes 
Fullerenes are the most common electron-accepting materials used in OPV 
devices. It was found that photoinduced charge transfer to the 
buckminsterfullerene C60 was fast and efficient [74]. Fullerenes were also 
shown to have an electron mobility of 1 cm
2
V
-1
s
-1
 in OFETs [75]. A more 
soluble version of C60 was achieved by functionalisation with a methyl-ester 
group to give PC60BM [66]. An alternative fullerene derivative which has 
also been widely used in OPVs is PC70BM, which has a higher absorption 
coefficient in the visible range of the solar spectrum than PC60BM. The 
difference in absorption coefficient has been attributed to the high degree of 
symmetry in C60 where low energy transitions are dipole forbidden thereby 
requiring higher energy photons [76-77]. However, C70 derivative has 
reduced symmetry therefore allowing such previously forbidden transitions 
to be possible. Although the majority of absorption in an OPV 
polymer:fullerene device comes from absorption by the donor polymer (due 
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to its high absorption coefficient), the blend ratios for efficient devices often 
have a large yield of fullerene. This is to reduce the distance an exciton must 
travel to encounter a donor:acceptor interface for charge separation. A gap 
in UV-Vis spectra in the 400-500 nm range from donor materials can be 
filled through the use of PC70BM. These fullerene systems, along with many 
other derivatives, have continued to be used in OPV BHJ devices because of 
efficient charge transfer and electron mobility. Alternative acceptor 
materials have been explored, for example the polymer P(NDI2OD-T2) [78] 
has displayed very high electron mobilities [79], however OPV device 
efficiency is poor; an effect primarily attributed to rapid geminate 
recombination [80]. 
 
2.9 – PEDOT:PSS 
Although the majority of OPV device research has focused on the 
development of donor systems for the active region, there is one polymer 
which has been widely used as an anode buffer layer. PEDOT:PSS, 
displayed in Figure 2.17, is a molecularly doped conjugated polymer that 
aids the charge extraction process at the anode electrode. The PSS dopant is 
required to allow PEDOT to be soluble [81]. Furthermore, the presence of 
PSS causes a net positive charge along the PEDOT chain which results in 
the two components to be closely linked together. This results in the 
formation of nanoparticles within aqueous solutions. Additionally, a free 
π-electron remains on the main chain which is highly mobile, resulting in 
large charge carrier mobilities being observed [82]. 
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Figure 2.17 PEDOT and PSS chemical structure. PEDOT:PSS is mixed at a 
blend ratio of 1:6 in water. 
 
PEDOT:PSS is typically deposited by spin casting from an aqueous solution 
and has a higher work function than the ITO anode; allowing energy level 
matching with donor polymer materials. Another advantage is that 
PEDOT:PSS can reduce the roughness of the ITO allowing a smoother 
platform for the donor:acceptor layer, as observed from organic light 
emitting diodes [83]. This allows a reduction in the probability of electrical 
shortages and inhomogeneities at the active layer:anode interface. However, 
as discussed in further detail in Section 4.1, this polymer is not best suited 
for a variety of new polymer systems that possess deeper HOMO energy 
levels, having the properties of improved operational stability as well as 
leading to increased open circuit voltage. 
 
2.10 – Thesis polymer list 
This final section displays the full name and chemical structure of all the 
donor polymer systems used within the remainder of the thesis. The 
number(s) contained inside the square parentheses next to each polymer 
acronym represents the chapters in which that polymer is explored. 
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PCDTBT [4,5,6] 
 
 
Poly[N-9’-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-
benzothiadiazole)] 
 
 
 
 
PCDTBT-8 [5,6] 
 
 
Poly[9-(heptadecan-9-yl)-9H-carbazole-2,7-diyl-alt-(5,6-bis(octyloxy)-4,7-
di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole)-5,5-diyl] 
 
 
 
 
PCDT2BT-8 [5,7] 
 
 
Poly[9-(heptadecan-9-yl)-9H-carbazole-2,7-diyl-alt-(5,6-bis(octyloxy)-4,7-
di(2,2’-bithiophen-5-yl)benzo[c][1,2,5]thiadiazole-5,5-diyl] 
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PCDSeBT [6] 
 
 
Poly[9-(heptadecan-9-yl)-9H-carbazole-2,7-diyl-alt(4’,7’-di-2-
selenophenyl-2’,1’,3’-benzothiadiazole)-5,5-diyl] 
 
 
 
 
PFDTBT [6] 
 
 
Poly[9,9-dioctyl-9H-fluorene-2,7-diyl-alt-(4’,7’-di-thiophen-2-yl)-2’,1’,3’-
benzothiadiazole-5,5-diyl] 
 
 
 
 
PFDSeBT [6] 
 
 
Poly[9,9-dioctyl-9H-fluorene-2,7-diyl-alt(4’,7’-di-2-selenophenyl-2’,1’,3’-
benzothiadiazole)-5,5-diyl] 
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PCDSeBT-8 [6] 
 
 
Poly[9-(heptadecan-9-yl)-9H-carbazole-2,7-diyl-alt-(5,6-bis(octyloxy)-4,7-
di(selenophen-2-yl)benzo[c][1,2,5]thiadiazole-5,5-diyl] 
 
 
 
 
PFDTBT-8 [6,7] 
 
 
Poly[9,9-dioctyl-9H-fluorene-2,7-diyl-alt-(5,6-bis-(octyloxy)-4,7-
di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole)-5,5-diyl] 
 
 
 
 
PFDSeBT-8 [6] 
 
 
Poly[9,9-dioctyl-9H-fluorene,2-7-diyl-alt-(5,6-bis(octyloxy)-4,7-
di(selenophen-2-yl)benzo[c][1,2,5]thiadiazole-5,5-diyl] 
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PFDT2BT-8 [7] 
 
 
Poly[9,9-dioctylfluorene-2,7-alt-(5,6-bis(octyloxy)-4,7-di(2,2’-bithiophen-
5-yl)benzo[c][1,2,5]thiadiazole)-5,5-diyl] 
 
2.10.1 – Moiety structure and name 
For ease, the following is a list of all the moieties (name, abbreviation and 
structure) within the above polymers. 
 
C (Carbazole)    F (Fluorene) 
 
 
 
BT (Benzothiadiazole)  BT-8 (BT with bis(octyloxy)) 
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DTBT (dithiophenyl-BT)  DSeBT (diselenophenyl-BT) 
  
 
 
DT2BT-8 (di(bithiophenyl)-BT-8) 
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Chapter 3 
Experimental methods 
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3.1 – Introduction 
The various techniques employed throughout this thesis to determine a 
variety of parameters for polymer thin films and OPV devices are discussed 
in this chapter. Details regarding the solution, thin film and device 
preparations are provided which account for the key processes used 
throughout the following chapters. The different experimental techniques 
used are then discussed to provide the reader with a working knowledge of 
the instrument/experiment and data analysis. 
 
3.2 – Solution and thin film preparation 
All materials and solvents were used as received. The polymer donor 
systems were supplied by the University of Sheffield Chemistry Department 
and the fullerene PC70BM (95% purity) was obtained from either Solenne or 
Ossila Ltd. Further details regarding the polymer energy levels and 
molecular weights/numbers can be found in their respective chapter (as 
listed in Section 2.10). All thin film preparation (excluding the PEDOT:PSS 
layer, see Section 3.3) were performed in a nitrogen filled glovebox. 
 
To prepare a polymer solution, the dry polymer was initially dissolved in the 
chosen chlorinated solvent: either chloroform (CHCl3), chlorobenzene (CB) 
or di-chlorobenzene (DCB). The concentration was kept constant at 4 mg/ml 
for all polymers (this value was found to be at the upper limit of polymer 
solubility for a number of materials). Polymer solutions were then heated 
for 1-2 days at ~ 70°C with occasional shaking to ensure all the material had 
completely dissolved. The solution was then cooled for a few minutes and 
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added to another vial containing dry PC70BM powder. This method of 
mixing the polymer solution with dry fullerene was preferred due to the low 
concentration of the polymer solution. The polymer:fullerene solution was 
placed back onto the hotplate at the same temperature for a further 1-2 day 
period, again to ensure all material had fully dissolved. Although some 
polymers dissolved more rapidly, this routine was maintained to enable 
comparative studies. Solutions used in Chapters 6 and 7 were not filtered as 
only small quantities of polymer were available. Furthermore, filtration was 
not performed on many solutions in order to preserve limited material. 
 
Thin films were created via a spin coating technique. This allowed for rapid 
film formation due to the initial expulsion of excess solution. The remaining 
solvent dried after a certain amount of time, which primarily depended on 
the solvent boiling point as well as the spin speed. The boiling point of each 
solvent is approximately 61°C, 131°C and 180°C for CHCl3, CB and DCB 
respectively. For CHCl3 and CB based polymer:fullerene solutions, spin 
times of 30s were adequate to create fully dry films. DCB based solutions 
however required spin times up to 300s. For spin speeds below 500 rpm, a 
multi-stage process was required due to the fact the excess solution could 
not be ejected from the sample at these low speeds. Two techniques were 
employed to resolve this issue: absorbing excess solution at the start of the 
spin process with a cotton bud, or subjecting the sample to a secondary spin 
at a higher spin speed. Both techniques were used depending on the initial 
spin speed and solvent. In all cases, care was taken to control resultant film 
thickness. 
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The thickness of the thin films was measured via a Dektak surface profiler. 
The film thickness, d, can be determined using the following equation: 
 

 )(cc
d       {3.1} 
 
where c is the solution concentration, η(c) is the solution viscosity 
(dependent on the concentration), and ω is the spin speed. Fine-tuning the 
film thickness can be achieved by altering the spin speed (with c and η(c) 
being kept constant): 
 
2
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
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
t
tR
R         {3.2} 
 
where tR and ωR are the reference samples thickness (as determined via 
Dektak measurements) and spin speed respectively. 
 
3.3 – Device preparation 
Pre-patterned glass/ITO (indium tin oxide) substrates with a sheet resistance 
of 20 Ω/□ were used throughout. Initially, these were coated with a 
photo-resist to protect the ITO (substrate style 1, Figure 3.1(a)). At some 
point during my PhD, the substrate design changed to style 2, Figure 3.1(b), 
in order to reduce the series resistance of the ITO layer. For both types of 
substrates a cleaning routine was used as follows. 
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The substrates were loaded into a rack for cleaning and sonicated in a heated 
10% sodium hydroxide (NaOH) solution for 5 mins. They were 
subsequently “dump-rinsed” in de-ionised (DI) water twice before going 
back into the NaOH solution and sonicated for a further 5 mins. This step 
was found to be crucial for substrate style 1 in order to remove a 
photo-resist coating layer. After a further “dump-rinse” in DI water, the 
samples were subjected to a final sonication in isopropyl alcohol (IPA). 
With no further rinses required, substrates were dried with the use of a N2 
gun. 
 
 
Figure 3.1 Pre-patterned glass/ITO substrate style 1 (a), and 2 (b). Both 
substrates are 20 x 15 mm. 
 
Once a substrate was dried, an anode buffer layer was deposited on top of 
the ITO layer. This was either a PEDOT:PSS layer or a metal oxide. For 
PEDOT:PSS (HC Stark Clevios P VP AI4083), the dried substrate was 
placed in a spin-coater (performed outside a glovebox under a laminar flow) 
and a film was deposited, while the remaining substrates were held in the 
IPA solution. PEDOT:PSS was often mixed with DI water to create a 
thinner layer (thicknesses ranged from 20-40 nm). Solutions were always 
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filtered through a 0.45 μm PVDF filter before application. After deposition, 
the films were immediately placed on a hotplate heated to 150°C to prevent 
the PEDOT:PSS layer from absorbing moisture. Once all substrates were 
coated, the ITO/PEDOT:PSS substrates were transported to a N2 filled 
glovebox and heated for a further 30-60 mins at 150°C (to ensure fully dried 
films) prior to the deposition of the active layer. 
 
To fabricate a metal oxide buffer layer, all substrates were dried and placed 
inside a N2 glovebox. They were then loaded into an evaporation mask, 
placed into a vacuum chamber and pumped down to ~ 10
-7
 mbar. The 
required metal oxide was then thermally evaporated while the substrates 
were rotated to allow a uniform deposition across the entire surface. A 
deposition rate of < 0.5Å/s was used to create a film free of voids. After the 
required film thickness was achieved (~ 10 nm), the substrates remained 
inside the chamber for a short time interval while the source and the 
substrates cooled. The chamber was then brought back to atmospheric 
pressure and the glass/ITO/metal oxide substrates were extracted. Note that 
the metal oxides used in Section 4.2 were deposited by Jonathan Griffin and 
were subjected to air exposure during transportation to the glovebox. 
 
After the deposition of the anode buffer layer, the active layer was applied 
via spin-coating. The thickness of this layer was maintained between 40 and 
100 nm. The ITO contact was cleaned free of any semiconductor material 
with IPA; a step crucial for efficient electrical contact for the cathode. This 
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was achieved by cleaning the top ITO contact in substrate style 1, or the left 
and right edges of the substrate for substrate style 2. 
  
Cathode deposition was achieved via the same technique described above 
for the metal oxide buffer layers. An evaporation mask was again used, 
although it differed in style to that used for the metal oxide (apparent from 
part (b) and (d) in Figure 3.2). The metals used were calcium (Ca), 
aluminium (Al) and silver (Ag). An evaporation rate of 0.5 Å/s was used for 
intermediate layers (thicknesses of ~ 10 nm), whereas a rate of 1.5 Å /s was 
utilised for the highly reflective cathodes (thickness of 80-100 nm). The 
overlap between the ITO and patterned cathode defined the active pixel 
which had an area of 1.5 x 3 mm
2
 for substrate style 1 and 2 x 2 mm
2
 for 
style 2. Once the cathode deposition was completed, devices were again 
cooled and then placed back inside the glovebox. Any subsequent thermal 
annealing treatment was performed at this stage by placing the substrates on 
a hotplate. Devices were then annealed for ~ 30 mins and then rapidly 
quenched to room temperature by placing them on a metallic surface held at 
ambient temperature. 
 
The device preparation process described above is summarised in Figure 
3.2. 
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Figure 3.2 Summary of the device preparation process on substrate style 2. 
Part (a) depicts a cleaned glass/ITO substrate, while (b) displays the applied 
anode buffer layer such as PEDOT:PSS or a metal oxide. Part (c) shows the 
substrate with an active layer, and part (d) shows the fully completed device 
with a metal cathode. 
 
An encapsulation step, prior to extraction from the glovebox was then used 
to improve the device stability by protecting the active layer from ambient 
conditions. This was achieved through the use of a UV epoxy and a glass 
slide. The devices were placed under a UV lamp for 30 mins to ensure a 
fully cured epoxy coating. 
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Device characterisation is achieved using a solar simulator. The layout of 
the solar simulator used (a Newport 92251A-1000) is shown in Figure 3.3. 
This had an output power of 100 mW/cm
2
 with an AM1.5 spectrum, 
calibrated against a NREL certified silicon reference cell. A shadow mask 
was always used to create a highly defined pixel area. A Keithley 237 
sourcemeter was used to record the J-V responses from devices under 
illumination from the solar simulator. 
 
 
Figure 3.3 Layout of the solar simulator showing the light source as well as 
the filters used to obtain an AM1.5 output spectrum. 
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3.4 – UV-Vis spectroscopy 
Absorption and photoluminescence characterisation was performed with a 
Horiba Fluoromax-4, spectrometer shown in Figure 3.4. A 150 W 
ozone-free Xenon arc lamp is used as the light source which is located in a 
separate housing. The excitation compartment is connected to the lamp 
housing by a quartz window. Two Czerny-Turner monochromators are used 
with the gratings possessing 1,200 grooves/mm, coated with MgF2 (for 
protection against oxidation) that were used at a scan rate of 200 nm/s. The 
grating in the excitation (emission) compartment is blazed at 330 (500) nm. 
The slits in the excitation section are used to determine the bandpass of the 
light on the sample, whereas those in the emission compartment determine 
the intensity of the photoluminescence. A UV-enhanced silicon photodiode 
is used as a reference detector (to account for variations in the lamp output) 
and has a spectral response between 190 and 980 nm. Emission is detected 
using a photomultiplier tube capable of measuring light over the spectral 
range 180-850 nm. 
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Figure 3.4 The setup of the UV-Vis spectrometer. The light source is 
housed in its separate section to prevent the heating of the optics. The 
excitation and emission compartments are located either side of the sample 
holder. A semi-transparent mirror allows the output of the Xenon light 
source to be monitored. 
 
The absorption spectrum of the sample was achieved by measuring the 
wavelength of the light transmitted. Absorbance A (or optical density) is 
then calculated using Beer-Lambert’s law: 
 



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0
10log
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A          {3.3} 
 
where I (I0) is the transmitted output of the sample (glass substrate). Thin 
film samples were measured from 350-900 nm in increments of 2 nm with a 
slit size of 2 nm. 
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PL spectra were achieved using the emission compartment of the 
spectrometer. To avoid direct reflection, the sample holder was held at an 
angle of 30° such that only emitted light from the sample was detected. 
Again, the output spectra were corrected for the reference spectrum. 
 
3.5 – Photoluminescence quantum yield 
The photoluminescence quantum yield (PLQY) was obtained using a 
frequency doubled Ti:Sapphire laser tuned to 400 nm with a neutral density 
filter to reduce the intensity. An Andor Shamrock 303 spectrometer and an 
Oriel iDus CCD detector, cooled to -40°C (to reduce thermal noise), with a 
slit size of 30 μm were used to acquire the data. Samples were placed inside 
an integrating sphere to average over all emission, therefore negating any 
angular orientation. As the polymers have relatively weak PL emission 
intensity, 1,000 accumulations were taken with an exposure time of 0.05 s. 
Dr David Coles assisted in data acquisition. 
 
In order to determine the PLQY of a sample, several measurements were 
required. This included measuring the laser spectrum L0(λ) (before and after 
sample measurement to provide an average intensity) and the sample 
spectrum S(λ), which also includes a remnant laser spectrum L1(λ). A 
calibration spectrum C(λ) with a known radiometric spectrum R(λ) used to 
account for wavelength-dependent bias from the apparatus was also required 
as well as a measurement for the self-absorption correction factor (obtained 
by comparing the photon flux of the sample outside and inside the 
integration sphere). 
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Analysis required correcting the sample and laser spectra by a sensitivity 
function, as determined by the calibration (C(λ) divided by R(λ)). Integrating 
the laser, sample and remnant laser spectra allowed their intensity to be 
calculated. The self-absorption correction was determined by normalising 
the spectra over a range where self-absorption was low and dividing the 
photon flux of the sample outside the sphere by that from the sample inside. 
The resultant PLQY value of the sample can then be calculated by: 
 
1,0,photons absorbed ofnumber 
photons emitted ofnumber 
LL
S
II
I
PLQY

           {3.4} 
 
where IS is the intensity from the sample (which is corrected for 
self-absorption), IL,0 and IL,1 are the laser and remnant laser intensity 
respectively. 
 
3.6 – Atomic force microscopy 
The surface properties of polymer:fullerene thin films were characterised 
using an atomic force microscope (AFM), with a simple view of the setup 
shown in Figure 3.5. Utilising the instruments tapping mode is key to 
eliminate shear forces which would otherwise scratch the sample’s surface. 
Whilst in this mode, topography can be determined via changes in the 
oscillation amplitude of the cantilever. Simultaneously, phase imaging can 
be achieved by monitoring the differences in the phase of the oscillations 
relative to the driving signal. The phase signal determines the energy that is 
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locally dissipated in the film (dependent on the elasticity of the surface), and 
can be used to map the composition of the film. 
  
 
Figure 3.5 Setup of an AFM. The cantilever was a rotated monolithic 
silicon probe with a resonance frequency of 300 kHz and was attached to a 
piezoelectric component to enable smooth contact with the sample surface. 
Samples were fabricated in a glovebox where the solution was spun onto a 
glass slide. 
 
3.7 – Grazing incident wide angle x-ray scattering 
The ability to probe the molecular packing of thin films was achieved 
through the use of grazing incident wide angle x-ray scattering (GIWAXS). 
These experiments were performed at the Diamond Light Source, UK. The 
energy of the electrons from the synchrotron was selected (between 8 – 12 
keV) via an optics lab in which further optics/filters were used to clean the 
beam (attenuating 2
nd
 order harmonics). The beam then interacted with the 
sample at an angle such that the scattered light could be detected. The 
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samples (pure polymer and polymer:fullerene thin films spin-cast on a 
silicon substrate) were loaded into a helium filled chamber to minimise 
unintended scattering from molecules in the ambient environment. The 
scattered beam was then characterised using a 2D Pilatus 2M detector. The 
process is shown schematically in Figure 3.6. 
 
 
Figure 3.6 Schematic displaying the grazing incidence setup of GIWAXS 
with the various output beams. The reflected and transmitted beams were 
blocked by a beam stop. 
 
The intensity and angle of light in the scattered beam can be used to 
determine internal molecular packing within the thin film. However, the 
transmitted and reflected beams can cause damage to the detector as they 
were of greater intensity than the scattered beam. A beam stop was therefore 
used to block the beam (typically made of lead) and was positioned between 
the sample and detector. 
 
Coherent diffraction of the x-ray beam is described using Bragg’s law: 
 
 nd sin2         {3.5} 
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where d is the distance between planes in a crystal lattice, θ is the grazing 
angle with respect to the lattice plane, n is the order of reflection (an integer) 
and λ is the wavelength of the x-ray. The resultant data measured by the 
detector is in reciprocal space (Q-spacing), which can be converted to real 
spacing by: 
 

 sin42

d
Q            {3.6} 
 
In order to calibrate the scaling on the detector, a material with well defined 
Bragg peaks was used (Silver Behenate). 
 
3.8 – Organic field effect transistors 
Hole mobility of donor polymer systems was measured using organic field 
effect transistors (OFETs) that were fabricated and tested by Ossila Ltd. 
Figure 3.7 displays the architecture (bottom gate) used. A silicon substrate 
with a 300 nm silicon oxide (SiO2) layer acted as the gate and insulator 
layers respectively. The gold source and drain contacts were then thermally 
evaporated onto the cleaned substrate with channel dimensions of 50 μm x 
20 mm. A surface treatment of octadecyltrichlorosilane (OTS) was applied 
before the semiconductor layer was spin-cast in a N2 filled glovebox. 
Devices were also analysed while they remained within the glovebox. 
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Figure 3.7 Schematic of an OFET device with a bottom gate architecture 
and a self-assembled monolayer (SAM) of OTS. Note that layer thickness is 
not to scale. 
 
Transfer characteristics can be obtained for each polymer donor system by 
applying a constant drain voltage, VD, while sweeping the gate voltage, VG, 
and measuring the output source-drain current, ISD. A threshold voltage, VT, 
must be surpassed before a current flows through the device. The saturation 
regime is when |VD| ≥ |VG-VT|. In this regime, the source-drain current can be 
expressed as: 
 
 2
2
TG
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SD VV
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
             {3.7} 
 
where W (L) is the source drain channel width (length), Ci is the capacitance 
per unit area of the insulator layer and μ is the charge carrier mobility. Using 
values of W, L and Ci (20 mm, 50 μm and 1.08 x 10
-8
 Fcm
-2
 respectively, for 
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a SiO2/OTS layer), equation 3.7 may be expressed in terms of the carrier 
mobility, namely: 
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where the gradient 
G
SD
V
I

 )(
2/1
 is taken above VT. Figure 3.8 shows a typical 
saturated transfer characteristic with the threshold voltage and mobility 
displayed. 
 
 
Figure 3.8 Saturated transfer characteristic example showing the average of 
two sweeps and the threshold voltage VT. 
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3.9 – Spectroscopic ellipsometry 
Spectroscopic ellipsometry (SE) is an optical technique which allows the 
optical constants of a film to be calculated, specifically the refractive index 
(n) and the extinction coefficient (k). Both of these values are of importance 
for use with the transfer matrix reflectivity model, discussed below in 
Section 3.10. SE utilises polarised light which changes upon reflection from 
the sample. This change provides a means to determine the various 
parameters required from the experiment. Here, a J.A. Woollam M-2000V 
ellipsometer with a wavelength range of 370 – 1,000 nm was used. Data was 
acquired by Dr. Tao Wang. 
 
The technique involves characterising the amplitude of the light polarised 
parallel (Rp) and perpendicular (Rs) to the plane of incidence. Taking the 
ratio of these parameters gives the reflectance ratio: 
 
  i
R
R
p
s exptan              {3.9} 
 
where ψ is the ratio of amplitudes and Δ is the phase difference on 
reflection. Using the parameters ψ and Δ, the optical constants of the film 
may be calculated by reference to an optical model. This is achieved by 
utilising a Cauchy dispersion model to approximate the thickness of the 
film, where the real part of the refractive index (n) is estimated using: 
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with A, B and C being positive constants. This model however needs to be 
applied at a wavelength region where the material is non-absorptive, i.e. 
below the energy gap of an organic semiconductor. Finally, with the 
thickness of the sample determined, the refractive index and the extinction 
coefficient may be extracted by using a B-spline model incorporating a 
Kramers-Kronig model [1,2]. 
 
In order to extract the glass transition temperature (Tg) of a polymer, the 
sample was subjected to a variety of temperatures. The changes in ψ can 
then be plotted against temperature to determine the rate of film expansion. 
Polymers with a higher degree of packing (as observed from GIWAXS) will 
require higher temperatures to enable the molecules to become more mobile, 
thus resulting in a higher Tg. Note that this technique was utilised to 
determine the Tg of the polymers (rather than differential scanning 
calorimetry, DSC) as ultrathin films, < 100nm, were investigated. In this 
scenario, confinement (i.e. where physical properties are not necessarily a 
bulk property) was important. 
 
3.10 – Transfer matrix reflectivity model 
A transfer matrix reflectivity model (freely downloadable and described in 
refs [3,4]) was used to determine the various effects from replacing the 
metal cathode in a device (see Chapter 4). The model uses optical properties 
(namely the n/k data as obtained from SE) of the various materials used 
within each layer of the device to predict the maximum proportion of the 
solar spectrum to be harvested. The model however does not predict any 
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electrical properties, instead concentration on providing useful information 
for the optical improvements of devices. As OPV devices have layers in the 
nanometre range, the interference of light propagating through the device 
plays an important role in determining optical absorption efficiency. This is 
taken into account in the model and the thickness of each layer is selected at 
the start of its calculations. 
 
By calculating the transmission and reflection at each interface, the 
electromagnetic (EM) field distribution throughout each layer can be 
determined. In order to achieve this, the model relies on a number of 
matrices that describe each interface of the structure (Ijk), the propagation 
through each layer (Lj) and the electric field within the structure (by relating 
the electric field in air with that in the final layer of the device, S). They are 
defined as: 
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where tjk and rjk are the Fresnel complex transmission and reflection 
coefficients respectively at interface jk, ξj is the phase of layer j, dj is the 
thickness of the layer and m is the number of layers in the device. By 
separating S into two subsets separated by layer j, i.e. ''' jjj SLSS  , the total 
internal electric field may be calculated: 
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where T is the transmitted field from the substrate and x is a distance to the 
right of the boundary. 
 
The maximum photocurrent, Jmax, of the device can be calculated by: 
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max             {3.15} 
 
where e is the elementary charge, A(λ) is the wavelength-dependent 
absorption of the active layer (calculated in the model), I(λ) is the AM1.5 
solar spectrum, h is Planck’s constant and c is the speed of light. 
 
There are however limitations to the model. A key assumption is that the 
active layer has an IQE (internal quantum efficiency) that characterises how 
many electrons are extracted from the device per absorbed photon of 100% 
for all wavelengths. It also assumes each layer in the device is homogenous 
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and isotropic, and that interfaces are smooth. The model does not account 
for diffuse scattering or spatially dependent optical constants. 
 
3.11 – Ultraviolet photoelectron spectroscopy 
The deposition of metal oxide buffer layers was discussed previously in 
Section 3.3. To determine the work function of the various metal oxide 
buffer layers, ultraviolet photoelectron spectroscopy (UPS) was used to 
probe the binding energy of the electrons within the film. A schematic of the 
setup is displayed in Figure 3.9. A He (1) photon source is used with a 
photon energy of 21.22 eV. 
 
 
Figure 3.9 Layout of the UPS experiment. The metal oxide samples were 
prepared by thermal evaporation onto glass/ITO substrates at a thickness of 
~ 10 nm. 
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The experiment utilises the photoelectric phenomenon described by 
equation 3.16 and relates the kinetic energy of an ejected electron (EK) to its 
binding energy (EB) and the energy of the incident photon (EP). EP is 
governed by the photon source, EK is the energy possessed by the ejected 
electron, while EB is dependent on the energy level populated by the 
electron.  
 
BPK EEE       {3.16} 
 
The valence energy levels and the work function may be extracted once the 
kinetic energy of the ejected electron has been determined. The ejected 
electron will possess a kinetic energy Ek of: 
 
2
2
1
vmE ek       {3.17} 
 
where me is the electron mass and v is its velocity. In the UPS experiment, 
the electron travels through a hemispherical analyser of known radius with 
an applied external magnetic field perpendicular to the analyser. The force 
may then be described by both the centripetal and the Lorentz force, 
respectively: 
 
r
vm
F e
2
               {3.18} 
 
 BveF       {3.19} 
 90 
where r is the radius of the analyser, e is the elementary charge and B is the 
applied magnetic field. Equating these expressions allows the velocity of the 
electron to be obtained. Inputting this velocity into equation 3.17 permits 
kinetic energy to be expressed using: 
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      {3.20} 
 
By varying the value of the magnetic field it is possible to determine a 
population spectrum. The work function and the valence band of the sample 
may then be extracted. An example of a molybdenum oxide (MoOx) UPS 
spectrum is displayed in Figure 3.10 with the secondary electron cut-off 
(which determines the work function of the material), the valence/HOMO 
energy level and the location of defect states indicated. 
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Figure 3.10 An example of an UPS spectrum with the location of the 
secondary electron cut-off, defect states and valence/HOMO energy level 
value indicated. Sample preparation and data taken by Jonathan Griffin. 
 
3.12 – Cyclic voltammetry 
In order to determine the HOMO and LUMO energy levels of a polymer, 
cyclic voltammetry (CV) was employed. The electrochemical cell of the 
equipment is shown in Figure 3.11. Here, the polymer was deposited on the 
top of the platinum working electrode by drop casting from a CHCl3 
solution at a concentration of 1 mg/ml. A Ag/Ag
+
 reference electrode was 
used along with a platinum foil counter electrode. The three electrodes were 
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connected to a Princeton Applied Research Model 236A 
Potentiostat/Galvanostat. 
 
 
Figure 3.11 Schematic of the electrochemical cell of the CV equipment 
with the counter (platinum foil), reference (Ag/Ag
+
) and working (platinum) 
electrodes highlighted. The electrodes were connected to a potentiostat and 
a current-voltage converter. The electrolyte solution was made from a 
tetrabutylammonium hexafluorophosphate solution in acetonitrile. 
 
During the measurements, a potential was applied to the working and 
reference electrodes. The current response between the working and counter 
electrodes provided an insight into the energy levels of the polymer via an 
IV curve. From the curve, the oxidation and redox potentials of the polymer 
(corresponding to the energy required to extract/inject an electron from/to 
the polymer, respectively) may be determined. These values were measured 
against the Ag/Ag
+
 reference electrode. Note it was taken that 
ferrocene/ferrocenium is 4.8 eV below the vacuum level. 
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It should also be noted that throughout this thesis, the presented HOMO and 
LUMO energy levels of the polymers are taken to be synonymous with the 
ionisation potential and the electron affinity respectively. 
 
3.13 – Gel permeation chromatography 
The presented polymer number-average and weight-average molecular 
weights (Mn and Mw respectively) were determined via gel permeation 
chromatography (GPC). The setup used is shown in Figure 3.12. The 
synthesised polymer was introduced to the top of the column, which 
contained a silica gel, shown in part (a). 
 
 
Figure 3.12 (a) GPC setup when the polymer is introduced to the column. 
(b) If the size of the polymer chain is large enough, the chain traverses 
through the column with little interactions with the silica molecules. 
However, smaller chains may be influenced consequently allowing a time 
discrepancy between the various polymer chain lengths. 
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The length of the polymer chain determines the time it spends within the 
column, with the smaller chains interacting more with the silica gel which 
act to increase its path, Figure 3.12(b). Once the polymer chain reaches the 
bottom of the column, a refractive index detector records the GPC curve, 
allowing the Mn and Mw distributions of the polymer to be determined. The 
detector was calibrated using a series of polystyrene narrow standards. 
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Chapter 4 
Optimising the anode buffer layer and cathode for 
PCDTBT-based organic photovoltaic devices 
 96 
In this chapter, an introduction to the low bandgap polymer PCDTBT will 
be presented and this will form the chemical structure basis for the novel 
polymers discussed in the following chapters. Optimisation of PCDTBT 
devices in this chapter will be primarily focussed around the buffer layer 
used at the ITO anode interface and the choice of cathode metals used in a 
conventional OPV device. The replacement of a PEDOT:PSS anode buffer 
layer with thermally evaporated metal oxides (MoOx, V2O5 and WO3-x) will 
be investigated, as well as simple stability comparisons for MoOx and V2O5 
devices. The final section of this chapter will address the use of a transfer 
matrix reflectivity model to determine the electric field distribution in a 
device for a variety of metal cathode materials (aluminium, silver and 
calcium) as well as a composite cathode that consists of a thin calcium layer 
capped by a highly reflective layer of either aluminium or silver. Such 
modelling results are compared with measurements made on OPV devices 
to determine an optimised fabrication protocol. 
 
4.1 – Introduction 
The introduction of PCDTBT into the OPV community in 2007 saw initial 
efficiencies of 3.6% realised [1]. Over the following years, such device 
performance was increased to 5.7% through the use of the cathode buffer 
layer lithium fluoride (LiF) [2]. An alternative approach was then explored 
by utilising the metal oxide optical spacer titanium oxide (TiOx) where a 
maximum PCE of 6.1% was obtained [3]. The formation of a TiOx layer 
uses a sol-gel process on top of the active layer and also requires a thermal 
annealing step which could consequently affect device morphology. 
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Although this process is not detrimental for PCDTBT (such a 
low-temperature annealing step merely extracts trapped solvent within the 
active layer with minimal effects on the phase separation [4]), its application 
to various other polymer donor components can result in degradation in 
device performance due to non-ideal modification to active layer 
morphology. 
 
Further advances in device efficiency then came from the inclusion of silver 
nanoparticles within the active layer which act as a source for enhanced 
light absorption [5]. Through the use of this technique, device efficiencies of 
7% were realised. Similar performance was also obtained through the 
replacement of the PEDOT:PSS anode buffer layer with the metal oxide 
molybdenum oxide (MoOx), along with an anti-reflection coating [6]. The 
work function of MoOx was measured to be closer to the HOMO energy 
level of PCDTBT than PEDOT:PSS leading to a smaller energy offset. This 
resulted in improved FF values for nominally identical devices. Other metal 
oxides (such as vanadium V2O5 and tungsten oxide WO3) have also been 
shown to provide efficient OPV devices [7-10]. 
 
As mentioned previously, a smaller energy offset between the work function 
of the anode buffer layer and the donor material HOMO energy level can 
improve device efficiency. The use of a PEDOT:PSS permitted efficient 
charge extraction from polymer systems possessing a relatively low HOMO 
energy level (~ 5 eV). However, new donor polymers have been designed 
with deeper HOMO levels, with such values below the oxidation threshold 
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(approx. -5.27 eV [11]), to increase the polymer stability (for example 
PCDTBT). Furthermore, thin films of PEDOT:PSS exhibit an affinity to 
absorb oxygen [12] and water which can cause degradation to the ITO 
anode [13] as well as allow the migration of moisture to the active 
layer/cathode buffer layer interface [14]. Both effects are detrimental to 
device stability, with more significant consequences in devices with either 
insufficient or damaged encapsulation. 
 
A variety of low bandgap polymers (such as the PBDTTT [15-17] and PTB 
family [18-19]) have obtained higher device efficiencies despite the use of a 
PEDOT:PSS layer. Here, the cathode buffer layer was replaced by a 
composite cathode consisting of a thin calcium layer (~ 20 nm) backed by a 
thick, opaque layer of aluminium (80-100 nm). Although calcium (like LiF 
and TiOx) also presents complications within devices (such as oxidation or 
contamination), the latter part of this chapter will focus on the advantages 
associated with such an intermediate layer of calcium (namely its 
moderately good reflectivity and high charge extraction efficiency) 
compared with alternative metal cathode materials. In order to achieve this 
comparison of various possible cathode metals, a transfer matrix reflectivity 
model will be used. The model allows the electric field distribution to be 
determined for a variety of wavelengths as well as computing the maximum 
photocurrent (Jmax) for a given polymer system. Section 3.10 provides 
details regarding the model input requirements, assumptions and analysis. 
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4.2 – Utilising metal oxides at the anode buffer layer 
PCDTBT (chemical structure shown in Figure 4.1) has a HOMO energy 
level of -5.35 eV (as determined by CV and UPS), which is ~ 0.3 eV below 
the work function of PEDOT:PSS. To determine the effectiveness of 
alternative materials as the anode buffer layer, OPV devices were 
constructed (as detailed in Section 3.2 and 3.3) to characterise the difference 
in both the FF (extraction efficiencies) as well as the Voc (energy level 
alignment). Table 4.1 presents the device metrics for various anode buffer 
layers. Note that all devices used a composite cathode of Ca/Al and were 
thermally annealed at 80°C (unless specified otherwise) after cathode 
deposition. Section 4.3 details the improvements in device performance and 
electric field distribution achieved from utilising such a cathode structure. 
 
 
Figure 4.1 Chemical structure of PCDTBT. 
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Anode 
buffer layer 
Solvent 
Thickness 
/ nm 
Jsc / 
mAcm
-2
 
Voc / 
V 
FF / % PCE / % 
PEDOT:PSS DCB 50 -7.82 0.58 50.80 2.30 
 CB 65 -10.85 0.78 46.39 3.93 
 CHCl3 65 -10.26 0.82 57.80 4.86 
MoOx CHCl3 65 -8.84 0.86 63.90 4.86 
 CB 70 -9.91 0.89 62.64 5.53
a)
 
V2O5 CB 70 -9.39 0.87 64.55 5.30
a)
 
WO3-x CB 70 -0.12 0.43 18.52 0.01
a)
 
 
Table 4.1 Optimised device metrics for various anode buffer layers. Device 
architecture was ITO/Anode buffer layer/PCDTBT:PC70BM/Ca/Al (blend 
ratio of 1:4). All devices were thermally annealed at 80°C after the 
deposition of the cathode, except metal oxide devices marked with 
a)
. 
 
Despite the PCDTBT:PC70BM blend performing best when cast from a 
CHCl3 solvent when used with a PEDOT:PSS anode buffer layer (with 
PCEs approaching 5%), thin films cast from CB allowed superior 
efficiencies to be acquired when a metal oxide buffer layer was used. The 
J-V characteristics of the best performing pixels for each anode buffer layer 
are shown in Figure 4.2. The key difference between these devices is that a 
greater Jsc is obtained when PEDOT:PSS is used, however the Voc and FF 
are larger for the metal oxides (MoOx and V2O5) leading to enhanced 
performance. 
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Figure 4.2 J-V characteristics of the best pixels for the anode buffer layers 
PEDOT:PSS and the metal oxides: MoOx, V2O5 and WO3-x. Note that the 
PEDOT:PSS based device was fabricated and tested by staff at Ossila Ltd. 
 
UPS (ultraviolet photoelectron spectroscopy) results suggest that both the 
MoOx and the V2O5 layer have a work function of -5.4 eV (see Figure 4.3), 
a value much closer to the HOMO energy level of PCDTBT than 
PEDOT:PSS, hence larger Voc and FF values are observed. The smaller 
values of Jsc are most likely due to greater absorption within the metal oxide 
layers compared with PEDOT:PSS. 
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Figure 4.3 Band diagram of the investigated metal oxides and PEDOT:PSS.  
CB (VB) corresponds to the conduction (valence) band and Φ is the work 
function. Values of the metal oxide films were determined via UPS. 
 
Devices based on a WO3-x buffer layer however were characterised by very 
poor performance. This was due to the presence of metallic (or defect) states 
in the metal oxide layer, as observed from UPS (see Figure 4.4 inset). A 
similar result was observed on varying the stoicheometry (changing the 
amount of metallic to oxide states within the resultant film) in sputtered 
MoOx films [20]. Here, films containing a large amount of metallic states 
resulted in a work function of -4.5 eV, consequently leading to large energy 
offset with the PCDTBT HOMO level and hence poor device performance. 
It was shown that as the oxidation states of MoOx increased (achieved by 
altering the oxygen content during deposition), the occupied metallic states 
disappeared and the work function deepened to -5.3 eV which allowed 
efficient devices to be realised. For WO3-x, it is likely that the large amount 
of metallic states within the layer prevented it acting as an efficient hole 
extraction layer. 
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Figure 4.4 Normalised UPS spectra of thermally evaporated MoOx, V2O5 
and WO3-x thin films. Inset is a close view of the defect states in WO3-x. 
Device preparation as well as data acquisition performed by Jonathan 
Griffin. 
 
Simple device stability tests (devices stored in ambient conditions in the 
dark, measured ~ 1 month apart) for devices utilising a MoOx or V2O5 hole 
buffer layer were recorded over a 2 month period. The average PCE, taken 
for the top 50% of 18 pixels, remained fairly constant after the 60 day study. 
A small increase in PCE was observed for both metal oxide layers after 40 
days resulting from a general improvement in both the Jsc and Voc, while the 
FF remained relatively constant. This could be due to changes at the 
interface between the buffer layer and active layer. After 60 days, the 
average PCE for MoOx devices degraded by ~ 2.7% from their initial values 
(a value still within experimental uncertainty levels), however the average 
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PCE for V2O5 displayed minimal losses. Although these were only initial 
tests on the dark lifetime of devices, both metal oxides underwent only 
minor degradation; a feature likely to be of benefit in PCDTBT-based OPV 
devices. 
 
4.3 – Cathode materials 
Figure 4.5(a) shows the modelled value of Jmax (as determined using 
Equation 3.15 from Section 3.10) for a PCDTBT:PC70BM OPV using an Ag 
cathode and a 10 nm thick MoOx anode buffer layer as a function of the 
thickness of the active layer. It can be seen that there are two maxima in the 
predicted photocurrent response that occur for PCDTBT:PC70BM layer 
thicknesses of ~ 70 nm and ~ 200 nm. These resonances result from optical 
interference effects within the device, as have been previously demonstrated 
in OPVs [10, 21, 22]. The predicted maximum photocurrent for the 200 nm 
thick PCDTBT:PC70BM layer is -15 mAcm
-2
; a value larger than that 
predicted for a thickness of 70 nm (-11.9 mAcm
-2
). The larger value of Jmax 
anticipated in devices with thicker active layers results directly from the 
improved optical absorption that occurs in more optically dense films. It is 
clear however that these values most probably over-estimate photocurrent 
yield as the calculation does not include sub-optimal charge extraction 
efficiency. As a result of relatively low hole carrier mobility in amorphous 
polymers such as PCDTBT (discussed in further detail in Chapters 5 and 6), 
efficient charge extraction will be particularly problematic in devices 
utilising a 200 nm thick PCDTBT:PC70BM film [23]. Indeed, recent 
spectroscopic studies have indicated that non-geminate recombination and 
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thus incomplete charge-extraction is a dominant loss mechanism in 
PCDTBT:PCBM OPVs [24]. Furthermore, practical difficulties also arise in 
producing such thick active layers resulting from the relatively low 
solubility of PCDTBT (a condition addressed in the synthesis of polymers 
discussed in Chapter 5). As such, the remainder of this section focuses on 
active layer thicknesses that are less than 100 nm. 
 
 
Figure 4.5 Modelled photocurrent for (a) an active layer thickness ranging 
from 0-300 nm with a reflective Ag cathode, displaying the “thin” and 
“thick” interference peaks. Part (b) displays a closer view of the thin film 
peak for a variety of metal cathode materials. 
 
In Figure 4.5(b), the calculated value of Jmax from PCDTBT:PC70BM OPV 
devices utilising either an Ag, Al, Ca, Ca/Ag or Ca/Al cathode as a function 
of active layer film thickness is plotted. The MoOx film thickness is again 
fixed at 10 nm. It can be seen that Jmax is predicted to be a strong function of 
cathode composition, with high-reflectivity Ag producing devices with the 
highest overall photocurrent for a PCDTBT:PC70BM film thickness less 
than 85 nm. For active layer thicknesses greater than 85 nm, a larger 
photocurrent is predicted from an OPV utilising an Al cathode. It is clear 
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that a calcium cathode results in the lowest predicted photocurrent due to its 
lower reflectivity and greater optical loss. The photocurrent from a series of 
composite cathodes (a 5 nm Ca interface layer backed by opaque Ag or Al) 
is also plotted. It can be seen that the incorporation of a thin Ca film appears 
to have a more significant effect on the photocurrent generated by an Ag 
cathode compared to an Al cathode. Indeed, the maximum predicted 
photocurrent that can be generated using a Ca/Ag cathode is around 90% of 
that which can be generated using a Ag cathode, whereas the maximum 
photocurrent that can be generated using a Ca/Al cathode is ~98% of a 
regular Al cathode. The reasons for the larger predicted reduction in 
maximum photocurrent that can be generated using a Ca/Ag layer will be 
explored later in this section. 
 
The analysis presented in Figure 4.5 confirms that the optical properties of 
the cathode play an important role in determining the maximum available 
photocurrent yield from OPVs containing a relatively thin active organic 
semiconductor layer. However, this analysis ignores the effect of the metal 
work-function on extraction or effects resulting from recombination at an 
interface, with such effects known to be particularly problematic in OPVs 
utilising silver, gold or palladium cathodes [25]. The metal Ca is known to 
efficiently extract electrons in BHJ OPVs utilising fullerene acceptors [26], 
however the analysis presented in Figure 4.5 confirms previous studies 
[26,27] that indicate that it can reduce device efficiency through increased 
absorption losses into the device. Therefore, the maximum available 
photocurrent available from an OPV utilising a film of Ca backed by an 
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optically thick layer of either Ag or Al is explored. This is shown in Figure 
4.6 parts (a) and (b) respectively. Here, the thickness is varied 
independently for both the MoOx anode buffer layer (between 0 and 50 nm) 
and the Ca layer (0 and 50 nm). In each case, the thickness of the 
PCDTBT:PC70BM layer is fixed at the respective interference maximum of 
75 nm for Ca/Ag and 85 nm for Ca/Al. 
 
It can be seen that for all devices, the photocurrent is apparently reduced as 
the thickness of the MoOx layer increases. The modelling suggests that this 
effect has two origins; in MoOx layers having a thickness  10 nm, it 
appears that photocurrent is reduced by additional absorption by the MoOx 
with such absorption being approximately linearly dependent upon MoOx 
thickness. This effect is however relatively small; for example in a device 
incorporating a 10 nm thick MoOx film, the absorption by the MoOx is 
around 3% of that of the PCDTBT:PC70BM layer. 
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Figure 4.6 The calculated Jmax for a PCDTBT:PC70BM OPV as a function 
of MoOx and Ca layer thickness for (a) a composite Ca/Ag cathode, and (b) 
a Ca/Al cathode. For both cathodes, the thickness of the active 
semiconductor remains constant at its optimised value of 75 and 85 nm 
respectively. 
 
The effect of thicker MoOx layers is however more complicated, as such 
layers both absorb more light as well as redistribute the electromagnetic 
field within the device in a non-linear fashion [25,28]. This redistribution 
will, in many cases, reduce the absorption by the active layer and thereby 
reduce the device photocurrent as exemplified by Figure 4.6. The modelling 
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also indicates that the addition of a Ca layer (of any thickness) similarly 
reduces Jmax below that of a device incorporating either a pure Al or Ag 
cathode. Greater losses result from the use of a thicker Ca layer which is 
consistent with increased optical loss in the absorptive Ca. Intriguingly, the 
model suggests that the efficiency of Ca interfaces backed with Al are more 
efficient, with lower optical loss, than those backed with highly reflective 
Ag for any given thickness of Ca. 
 
To explore the origin of this result, the optical absorption and field strength 
at the active layer:cathode interface, for a composite cathode based on 5 nm 
of Ca backed with either Al or Ag (as shown in Figure 4.7(a) and (b) 
respectively), are calculated. The MoOx thickness was kept constant at 10 
nm and the active layer thickness fixed at 75 or 85 nm for Ca/Ag and Ca/Al, 
respectively. Figure 4.7 shows the value of E
2
 (where E is the confined 
electromagnetic field amplitude within the device, see Section 3.10) as a 
function of distance from the cathode interface. Here, data is plotted for a 
range of wavelengths between 400 and 650 nm, corresponding to the 
photoresponse of the active layer. It can be seen that there is a significantly 
higher penetration of the electromagnetic field into the Ag reflector 
compared to Al; an effect commensurate with its larger skin-depth (lower 
optical density). 
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Figure 4.7 Part (a) shows the calculated electric field intensity (E
2
) at the 
interface between the active semiconductor layer and the Ca/Al cathode in a 
PCDTBT:PC70BM OPV. Part (b) similarly shows E
2
 for an OPV device 
utilising a Ca/Ag cathode. In both parts, field intensity is plotted at a number 
of different characteristic wavelengths as indicated in the figure, with the 
thickness of the MoOx layer constant at 10 nm and the calcium layer being 5 
nm. 
 
Using the transfer matrix model enables the optical absorption within each 
of the individual layers within the device to be calculated. In particular, in a 
Ca/Ag cathode the relative total absorption of the optical field in the Ca and 
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Ag layers are predicted to be 21% and 4% respectively. In a device utilising 
a Ca/Al cathode however, the relative absorption in the Ca and Al layers is 
7% and 10% respectively. This demonstrates that whilst Al is more 
absorptive at optical frequencies than Ag, its smaller skin depth reduces the 
field intensity close to its surface, and thus absorption in the significantly 
more absorptive Ca layer is reduced, with more optical energy absorbed by 
the active semiconductor layer (resulting in a higher value of Jmax when a 
composite cathode is used). 
 
 
Figure 4.8 Measured J-V characteristics for Ag, Al, Ca, Ca/Ag and Ca/Al 
based PCDTBT:PC70BM (1:4) OPV devices having a 10 nm thick MoOx 
hole extraction layer. For both devices utilising a composite cathode, the 
calcium layer is fixed at 5 nm. 
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A series of devices based on either an Ag, Al, Ca, Ca (5 nm)/Ag or Ca (5 
nm)/Al cathode were fabricated to examine the extent to which the optical 
structure of the cathode determines the practical efficiency of a 
PCDTBT:PC70BM OPV. The J-V characteristics of representative devices 
are plotted in Figure 4.8, with device metrics summarised in Table 4.2. Note 
that the individual results presented in Table 4.2 are the average from at 
least 24 different pixels (maximum PCE presented in parentheses) with 
error bars representing the standard deviation about the mean for the top 12 
performing pixels. It can be seen that the most efficient devices are created 
using the Ca/Al composite cathode, having a maximum PCE of 5.0%.  
 
A small variation in short-circuit current between the different cathode 
devices can be seen, with devices having an Ag cathode displaying the 
highest values of Jsc; a result in qualitative agreement with the modelling 
results shown in Figure 4.5(b). It can be seen however that the Jsc recorded 
from both the composite Ca/Al and Ca/Ag cathode devices are identical to 
one another, within experimental uncertainty, and also similar to a device 
using a pure silver cathode. Clearly, the larger photocurrent (approximately 
6%) predicted by the use of a Ca/Al cathode compared to a Ca/Ag cathode, 
from the model, is not reproduced within experimental uncertainty. 
However the Jsc recorded from devices using a pure Ca cathode are 88% that 
of the Ag cathode devices; a result qualitatively consistent with enhanced 
optical loss in the absorptive calcium. 
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Cathode Jsc / mAcm
-2
 Voc / V FF / % 
PCE average [max] 
/ % 
Ag -9.6 ± 0.1 0.85 ± 0.01 55.7 ± 0.9 4.55 ± 0.07 [4.68] 
Al -9.2 ± 0.1 0.78 ± 0.01 53.1 ± 0.9 3.90 ± 0.06 [4.01] 
Ca -8.4 ± 0.1 0.86 ± 0.01 58.7 ± 0.4 4.26 ± 0.04 [4.33] 
Ca/Ag -9.4 ± 0.2 0.86 ± 0.01 59.5 ± 0.4 4.81 ± 0.09 [4.94] 
Ca/Al -9.4 ± 0.1 0.86 ± 0.01 60.6 ± 0.3 4.90 ± 0.06 [5.01] 
 
Table 4.2 Device metrics for a series of nominally identical 
PCDTBT:PC70BM devices prepared using different cathodes. A 10 nm 
MoOx anode buffer layer was utilised for all. The average obtained from the 
top 50% of 24 pixels, with the errors represented by their standard 
deviation. The maximum PCE is displayed in parentheses. 
 
The Voc of the different devices are similar at around 0.85 V; a value 
consistent with previous studies in which values between 0.75 [23] and 0.91 
V [2] have been reported. Interestingly, the Voc of devices utilising an Al 
cathode were significantly lower than those of either Ca or Ag based 
devices. It can be seen that despite the work function of the materials used 
varying by 1.4 eV (ΦAl – ΦCa) [29], the differences between the Voc of the 
different devices do not exceed 100 mV (with only 10 mV separating the 
Voc of Ag and Ca cathode devices, see Section 2.6.4 for details regarding the 
Voc in devices). Notably however, the largest Voc is recorded from devices 
having a layer of calcium adjacent to the top of the semiconductor surface; 
an outcome arising from charge transfer to the fullerene as well as 
Fermi-pinning [25]. 
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It is clear that there is also a significant difference in the FF of the different 
devices, with the largest value of ~ 60% being recorded in devices utilising 
a Ca/Al cathode. The significantly enhanced FF of the Ca/Al, high Voc and 
relatively high Jsc (due to low optical losses) result in these devices having 
the highest PCE; a result in agreement with other reports [30] on the 
effectiveness of composite metal cathodes to optimise the efficiency of 
P3HT:PCBM based devices. 
 
Finally, the effect of active layer thickness in determining the efficiency of 
the composite cathode devices is addressed. Here, devices are fabricated 
using a composite Ca/Al cathode (5 nm / 100 nm) and a 10 nm thick MoOx 
anode buffer layer. The measured PCE, Voc and FF of the devices as a 
function of PCDTBT:PC70BM thickness is shown in Figure 4.9(a), with the 
photocurrent (average Jsc and at -1 V) shown in Figure 4.9(b). For 
comparison, the Jmax calculated using the transfer matrix model for the 
device in part (b) is also plotted. 
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Figure 4.9 Part (a) shows the PCE, Voc and FF values of a series of 
PCDTBT:PC70BM devices with varying active layer thickness, a 10 nm 
MoOx anode buffer layer and 5 nm Ca buffer layer capped with Al. 
Connecting lines are used as a guide to the eye. Part (b) shows the measured 
Jsc and photocurrent at a reverse bias of -1 V from the same series of OPVs 
as a function of active layer thickness. The calculated maximum 
photocurrent (Jmax) of each device is also shown using a line. 
 
As it can be seen, the device Voc remains approximately constant over the 
range of active layer thicknesses studied (50 to 100 nm). These results are in 
agreement with other recent studies that also evidenced a drop-off in Voc, FF 
and PCE in PCDTBT:PC70BM OPVs as active layer thickness is increased 
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to over 200 nm [23]. The measured Jsc is on average 15% lower than the 
predicted Jmax, with the discrepancy increasing as the thickness of the active 
layer increases. However, when a bias of -1 V is applied to the device, the 
agreement between the recorded photocurrent and Jmax is much improved; 
although for films having a thickness  80 nm, the recorded photocurrent is 
observed to be slightly less than Jmax. This clearly indicates that device 
efficiency is limited by charge extraction; a problem that becomes more 
severe as the active layer thickness increases. In addition to this observation, 
the FF also undergoes some reduction as film thicknesses increases. Indeed, 
despite the optical model suggesting that the most efficient devices should 
be created using PCDTBT:PC70BM layer having a thickness of ~85 nm 
(thereby maximising the photocurrent), the highest device PCE recorded 
(5.1%) is obtained in devices having a PCDTBT:PC70BM thickness of 70 
nm (similarly observed in Section 4.2 regarding the optimisation of anode 
buffer layers, see Table 4.1). This confirms other work that suggests that the 
efficiency of PCDTBT-based OPVs is limited by sub-optimal charge 
extraction resulting from non-geminate recombination (including traps) 
[23]. 
 
4.4 – Conclusion 
In summary, the effects of different anode buffer layers and cathode 
structures on the maximum device performance that can be obtained from a 
PCDTBT:PC70BM OPV have been studied. The use of metal oxides at the 
anode layer provides improved efficiency through increases in device FF 
and Voc (most likely due to improved energy level alignment). Device 
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stability tests displayed only minor degradation in efficiency after 2 months 
for a MoOx and V2O5 anode buffer layer. 
 
By using a transfer matrix reflectivity model, the maximum photocurrent 
was modelled for a variety of cathode materials with composite structures, 
including structures in which a thin film of calcium was backed with an 
optically thick layer of aluminium or silver. Device photocurrent was 
observed to be a function of cathode reflectivity although the work function 
of the cathode plays only a minor role in determining the device Voc due to 
Fermi-pinning. Composite cathodes result in both high reflectivity (and thus 
efficient optical harvesting), good fill factor (efficient charge extraction) and 
slightly improved open circuit voltage; effects which combine to produce 
devices having optimal power conversion efficiencies. 
 
The advantages obtained in using devices utilising a Ca/Al composite 
cathode is used throughout the remaining chapters of this thesis. This 
technique allows high performance devices to be created using a variety of 
alternative donor polymers. 
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Chapter 5 
Improving the solubility of PCDTBT with 
octyloxy substituents on the benzothiadiazole unit 
 124 
In the previous chapter, details were given regarding the selection of the 
anode buffer layer and cathode material for optimised PCDTBT based 
devices. During preparation of the active layer semiconductor solution it 
was evident that the polymer exhibited poor solubility which increased 
device preparation times. This chapter addresses novel polymers based on 
PCDTBT with its aim to improve polymer solubility. Two polymers were 
synthesised and tested; namely the materials PCDTBT-8 and PCDT2BT-8. 
Optical and electronic properties of these polymers will be discussed 
together with an analysis of their solubility via solution preparation at 
various concentrations. Organic field effect transistor (OFET) hole 
mobilities will be presented as well as an optimisation study of bulk 
heterojunction solar cells for both novel polymers. An emphasis will be 
placed on the significance and importance of thermal annealing treatments. 
 
5.1 – Introduction 
An appealing aspect of organic photovoltaic devices is the large 
combination of polymer materials that can be designed as electron-donors. 
Many research groups have studied the effects of various alterations along 
the polymer backbone on the optical and electronic properties of a polymer, 
as described in Section 2.3 and discussed in review articles [1-7]. Each 
method affects a different aspect of polymer behaviour, thus allowing the 
fine-tuning of polymer properties to enhance the efficiency and performance 
of OPV devices. 
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The inclusion of electron-deficient groups, for example octyloxy 
substituents on the benzothiadiazole (BT) unit, can allow the HOMO energy 
level to be increased with only minor affects on the polymer absorption [8]. 
Polymers containing octyloxy substituents have also been observed to 
exhibit higher solubility and therefore an increased synthesis yield and 
molecular weight (Mw) [9-12]. This enhanced solubility is likely to be due 
to the increase of solution entropy, as discussed in Section 2.4. Such 
manipulation of chemical structure is likely to be beneficial as a result of 
increased solution preparation times, increased Voc values as well as 
superior stability against oxidation. A number of side-groups have been 
previously functionalised on the BT unit, including octyloxy (OC8H17), 
decyloxy (OC10H21) [13], dodecyloxy (OC12H25) [14] and tetradecyloxy 
(OC14H29) [15]. 
 
The absorption of a donor-acceptor conjugated polymer however undergoes 
only minor changes upon functionalising side-groups on the BT. To enhance 
the device Jsc, the resultant polymer needs to increase the overlap with the 
long wavelength regime of the solar spectrum. One technique to achieve 
such a red-shift in low bandgap polymers is to increase the conjugation 
length through the inclusion of additional thiophene repeat units along the 
polymer backbone. This has been performed for various polymers 
containing either a fluorene unit [16-18], indolocarbazole [19,20] or 
thiophene-phenylene-thiophene (TPT) coplanar units [21,22]. It is 
particularly important to stress here that a red-shift is not always achieved 
through this technique as it is dependent on the polymer structure, with the 
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interactions between the donor-acceptor components of the parent 
co-polymer playing a crucial role [23]. 
 
Device fabrication techniques (e.g. post-deposition thermal treatments) also 
play a critical role in determining OPV efficiency. Unlike the polymer 
PCDTBT which has been shown to not require a thermal annealing process 
to optimise device efficiency [24], various other polymers have displayed 
enhanced performance upon being thermally annealed (for example P3HT 
[25,26] and POD2T-DTBT [27]). Here, annealing at or above the 
polymer:fullerene blend glass transition temperature (Tg) can drive 
modification in the active layer morphology which, as discussed previously, 
can increase device efficiency. 
 
Figure 5.1 shows the chemical structure of the polymers PCDTBT-8 (a) and 
PCDT2BT-8 (b) explored in this chapter. These materials were synthesised 
by Dr. H. Yi and Dr. A. Iraqi in the Department of Chemistry at the 
University of Sheffield. Both polymers are functionalised with octyloxy 
substituents on the BT unit, with PCDT2BT-8 also having additional 
thiophene moieties along the polymer backbone. Note that PCDTBT-8 is 
similar to PC-DODTBT [10] and HXS-1 [28] materials, with the latter 
differing through the substitution of a linear chain on the carbazole unit. In 
contrast with the results presented in this chapter, PC-DODTBT was unable 
to realise OPV PCEs > 1.5%. This may be due to sub-optimal active layer 
morphology from either incorrect polymer:fullerene blend ratios or casting 
solvent. Additionally, the HOMO energy level of PC-DODTBT is 5.11 eV 
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(~ 0.3 eV lower than PCDTBT-8) which could partly explain the low 
observed Voc. It is also worth noting that although HXS-1 devices achieved 
efficiencies > 5%, the polymer exhibited poor solubility as its active layers 
had to be spincast from a heated solution. This chapter will, however, 
present the individual optimisation of PCDTBT-8 and PCDT2BT-8 based 
on conditions established from Chapter 4. 
 
 
Figure 5.1 Chemical structures of (a) PCDTBT-8 and (b) PCDT2BT-8. 
 
5.2 – UV-Vis spectroscopy and energy levels 
The absorption spectra of polymers PCDTBT, PCDTBT-8 and PCDT2BT-8 
when prepared into thin films are shown in Figure 5.2, with peak values and 
optical energy gaps displayed in Table 5.1. It can be seen that the 
introduction of the solubilising substituents on the benzothiadiazole (BT) 
unit cause a blue-shift in the peak absorption wavelength for PCDTBT-8 
(536 nm compared to 570 nm for PCDTBT). The onset of absorption for 
this polymer occurs at a value of 627 nm, correlating to an optical energy 
gap of 1.98 eV; a value ~ 0.1 eV larger than PCDTBT. This increased 
energy gap corresponds to reduced electronic delocalisation which could be 
due to the electron donating properties of the octyloxy substituents reducing 
the electron accepting characteristics of the BT moiety; properties that may 
ultimately affect the overall charge carrier mobility. Replacing the branched 
(a) (b) 
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sidegroup on the carbazole unit with a linear group (i.e. as was done for 
HXS-1) causes a small spectral shift of the absorption peak to ~ 540 nm, 
with a shoulder existing at 579 nm and an optical energy gap of ~ 1.95 eV 
[28]. This optical energy gap is similar to that of PCDTBT-8, suggesting a 
similar effect on the electronic conjugation due to the presence of the 
octyloxy substituents. 
 
 
Figure 5.2 Normalised thin film UV-Vis absorption spectra for PCDTBT 
(spun from CHCl3), PCDTBT-8 (CB) and PCDT2BT-8 (CHCl3). 
 
The absorption spectrum is red-shifted upon inclusion of additional 
thiophene rings along the polymer backbone, as is evident in PCDT2BT-8. 
In this polymer, the peak absorption is positioned at 548 nm corresponding 
to a red-shift of ~ 12 nm compared with PCDTBT-8, with an absorption 
onset at ~ 642 nm (an optical energy gap of ~ 1.93 eV). The inclusion of 
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two additional thiophene moieties along the polymer backbone results in a 
reduced optical energy gap of ~ 0.05 eV compared with PCDTBT-8, as a 
result of increased electronic conjugation. This increase in conjugation 
length is probably due to both steric and electronic factors. As thiophene 
units contribute towards the electron charge density along the polymer 
backbone, additional thiophene moieties are likely to increase 
intramolecular charge transport, a result consistent with enhanced OFET 
hole mobility as reported later in Section 5.5.1. Furthermore, the distance 
between octyloxy substituents is increased along the polymer chain, thereby 
reducing their mutual steric interactions and resulting in a reduced optical 
energy gap. Comparing the absorption spectra of PCDT2BT-8 as a thin film 
and in a CHCl3 solution (see Table 5.1) there are only small changes in peak 
wavelength, suggesting little to no structural differences. 
 
Polymer 
λmax / nm 
Thin film 
(CHCl3 Solution) 
Eg
op
 / 
eV 
Mw / 
kDa 
HOMO / 
eV 
LUMO / 
eV 
PCDTBT 396 (392) / 570 (547) 1.88 32.6 -5.35 -3.42 
PCDTBT-8 391 (384) / 536 (513) 1.98 34.8 -5.40 -3.27 
PCDT2BT-8 421 (420) / 548 (542) 1.93 57.2 -5.20 -3.29 
 
Table 5.1 UV-Vis, optical energy gaps, molecular weight and 
HOMO/LUMO energy levels of PCDTBT, PCDTBT-8 and PCDT2BT-8. 
Data acquired by Hunan Yi and Solyman Al-Faifi from the Chemistry 
department. 
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The energy levels (as determined from CV) for the three polymers are 
shown in Table 5.1. The inclusion of octyloxy sidegroups on the BT unit 
increases the HOMO energy level (consistent with the introduction of 
electron-deficient groups) possibly due to the reduced electronic 
conjugation along the polymer backbone. The inclusion of additional 
thiophenes (PCDT2BT-8) results in a reduced HOMO energy level but with 
a LUMO energy level comparable with that of PCDTBT-8. The change in 
the HOMO level is likely to be due to the presence of the more electron 
donating thiophene repeat units along the polymer backbone (c.f. P3HT 
HOMO energy level of -5.2 eV [29]). The similar LUMO levels for 
PCDTBT-8 and PCDT2BT-8 is a result consistent with a weakening of the 
electron accepting capabilities of the BT moiety upon inclusion of the 
electron donating octyloxy substituents. 
 
5.3 – Determining the solubility of the polymers and polymer:fullerene 
blends 
To explore the solubility limits of the polymers PCDTBT, PCDTBT-8 and 
PCDT2BT-8, each were dissolved in CHCl3 at various concentrations, 
heated for the same length of time and then filtered through a 0.45 μm PTFE 
filter. Solubility could be judged by the presence (or lack thereof) of 
polymer aggregates in the solution as well as the clarity or turbidness of the 
solution. The use of a PTFE filter allowed a further determination of the 
extent of undissolved polymeric material that remained within the solution. 
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It was found that PCDTBT did not fully dissolve; even at a low 
concentration of 2 mg/ml. Polymeric aggregates were clearly visible at 5 
mg/ml while at 20 mg/ml a gelatinous solution was formed. In contrast, 
PCDTBT-8 displayed turbid solutions only at concentrations in excess of 5 
mg/ml and did not form polymer aggregates in any of the solutions. The 
longer polymer backbone of PCDT2BT-8 resulted in the formation of turbid 
solutions at all concentrations. However, the octyloxy sidegroups similarly 
prevented each solution from forming any polymer aggregates. These 
results suggest that the introduction of the substituents on the BT unit allow 
the polymer to dissolve at high concentrations without allowing the 
formation of aggregates. 
 
Passing the various solutions through a PTFE filter provides a 
complementary measure of polymer solubility. A PCDTBT solution diluted 
to 1 mg/ml was able to be filtered without blocking the filter pores. 
PCDT2BT-8 also necessitated a similar concentration for complete filtration 
(a consequence of its longer polymer backbone). However, PCDTBT-8 
could be easily filtered at concentrations in excess of 10 mg/ml. Upon 
performing similar tests where the polymer was mixed with PC70BM (at a 
1:4 w/w blend ratio) it was found that the introduction of the fullerene aids 
polymer solubility and allows a significant increase in maximum solution 
concentration that could be achieved. 
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Figure 5.3 An optical image of PCDTBT-8, PCDT2BT-8 and PCDTBT at 
various concentrations in CHCl3. Solution preparation and photo taken by 
Dr James Kingsley.  
 
An optical image of the polymer solutions at the various concentrations 
tested is displayed in Figure 5.3. Here, the differences in solubility are 
clearly evident. PCDTBT was determined to have a solubility limit at ~ 1 
mg/ml and 50 mg/ml (pristine and fullerene blend solution respectively), 
whereas the introduction of the octyloxy sidegroups caused PCDTBT-8 to 
be significantly more soluble with limits at 20 mg/ml and > 50 mg/ml. 
PCDT2BT-8 has limits at ~ 1 mg/ml and 20 mg/ml due to the additional 
thiophene rings along the backbone. The inclusion of side-chains on the 
extra thiophene moieties would most likely further enhance the solubility of 
PCDT2BT-8, however a polymer without such sidegroups would likely be 
insoluble if the octyloxy substituents were to be removed (see Chapter 7 for 
comparisons of analogous polymers where varying the positioning of the 
soluble sidechains for fluorene based polymers is described). It is also clear 
that the introduction of PC70BM into solutions causes an improvement in 
PCDTBT-8 PCDT2BT-8 PCDTBT 
20 10 5 
Concentration / mgml
-1 
20 10 5 20 10 5 
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polymer solubility; this is indicative that the fullerene material is capable of 
filling spaces between polymer chains, therefore aiding solubilisation. 
 
5.4 – GIWAXS 
To determine whether the introduction of octyloxy substituents affects the 
polymer π-π packing in a thin film, grazing incident wide-angle x-ray 
scattering (GIWAXS, see Section 3.7) was used to probe the molecular 
packing for PCDTBT and PCDTBT-8. The measured diffraction patterns 
are displayed in Figure 5.4. The π-π stacking distance for PCDTBT was 
determined to be 4.00 ± 0.02 Å whereas PCDTBT-8 was found to be 4.2 ± 
0.03 Å. This increased intermolecular distance is a result consistent with the 
introduction of octyloxy sidegroups increasing the separation between 
polymer chains (similar conclusions are presented in Chapter 6). If the π-π 
packing distance of PCDTBT-8 is compared with HXS-1 (which exhibited a 
π-π distance of 4.0 Å) it appears that the linear group on the HXS-1 
carbazole unit allows the polymer chains to pack more closely; as occurs for 
PCDTBT. Combining the linear sidechain on the carbazole unit as well as a 
non-substituted BT unit could lead to even smaller π-π distance, although 
reduced solubility is likely to be significant. 
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Figure 5.4 2D-GIWAXS images of pure PCDTBT (a) and PCDTBT-8 (b) 
thin films cast onto silicon/silicon oxide substrates at a grazing angle of 0.2º. 
 
5.5 – Device optimisation 
The polymers PCDTBT-8 and PCDT2BT-8 were subjected to a device 
optimisation regime where the choice of casting solvent, blend ratio (with 
PC70BM), active layer thickness, and thermal annealing temperature were 
investigated. Throughout the process, a composite cathode of calcium / 
aluminium (5 / 100 nm) was used (see Section 4.3 for full details). The 
results from the optimisation of OPV devices based on the two materials are 
shown in Table 5.2. 
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Polymer Solvent Blend Ratio 
Active Layer 
Thickness / nm 
Annealing 
Temperature / °C 
Jsc / mAcm
-2
 Voc / V FF / % PCE / % 
PCDTBT DCB 1:4 50 80 -7.82 0.58 50.8 2.30 
 CB 1:4 65 80 -10.85 0.78 46.4 3.93 
 CHCl3 1:2 75 80 -8.02 0.82 61.8 4.06 
 - 1:3 85 80 -9.19 0.80 57.9 4.26 
 - 1:4 65 80 -10.26 0.82 57.8 4.86
(a)
 
PCDTBT-8 DCB 1:4 93 80 -6.92 0.76 42.8 2.25 
 CHCl3 1:4 72 80 -8.36 0.82 48.8 3.34 
 CB 1:2 100 120 -7.28 0.74 39.5 2.13 
 - 1:3 100 120 -8.14 0.76 38.7 2.39 
 - 1:4 72 80 -8.39 0.82 48.6 3.35 
 - 1:4 72 120 -9.38 0.96 46.9 4.22
(a)
 
PCDT2BT-8 DCB 1:4 81 80 -8.29 0.80 40.2 2.67 
 CB 1:4 87 80 -7.14 0.82 47.4 2.77 
 CHCl3 1:2 60 110 -7.60 0.88 49.5 3.31 
 - 1:3 59 110 -8.68 0.90 51.7 4.04 
 - 1:4 65 80 -8.11 0.82 52.7 3.50 
 - 1:4 61 110 -8.44 0.90 54.2 4.12
(a)
 
 
Table 5.2 Optimisation table of devices utilising a PEDOT:PSS anode buffer layer and a Ca/Al composite cathode. 
(a)
 device 
metrics used in Figure 5.7. 
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An important variable explored for both polymers was the casting solvent. 
Varying the casting solvent has an important effect due to the differing 
solubility of the polymers as well as the formation of appropriate 
nanostructure in the active layer, with the resultant morphologies differing 
due to the varying drying times of the solvents (which is related to their 
different boiling points, see Section 3.2). The solvents used (in order of their 
boiling points) were CHCl3, CB and DCB (having boiling points of 
approximately 61°C, 131°C and 180°C respectively). 
 
Devices utilising a PCDTBT-8:PC70BM blend at a weight ratio of 1:4 (w/w) 
displayed highest efficiencies when cast from CHCl3 and CB (PCE ≈ 
3.35%), with reduced Voc and Jsc values when cast from DCB. For devices 
having active layers comprised of PCDT2BT-8:PC70BM (1:4) had a higher 
efficiency when cast from CHCl3 (due to improvements in both the Jsc and 
FF) and reached efficiencies of 3.5%. It is clear that despite this polymer 
exhibiting a reduced optical energy gap, the Jsc values are lower than those 
observed from PCDTBT-8. This could be due to (or a combination of) 
non-ideal phase separation, non-geminate recombination or a reduced molar 
absorbance. Note that devices were annealed at 80°C (similar temperature 
for PCDTBT) to attempt to increase efficiency by extracting trapped solvent 
within the active layer. 
 
5.5.1 – Thermal annealing 
Unlike OPV devices based on PCDTBT in which thermal annealing does 
not significantly increase PCE (see Section 4.1), both PCDTBT-8 and 
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PCDT2BT-8 require the use of a thermal annealing step during fabrication 
to obtain improvements in device efficiency. The glass transition 
temperature (Tg) for both polymers was measured using spectroscopic 
ellipsometry (see Section 3.9, as performed by Dr Tao Wang). The resultant 
Tg values of 80-90°C and 100°C were determined for PCDTBT-8 and 
PCDT2BT-8 respectively for thin films cast from CHCl3, displayed in 
Figure 5.5. It is expected that changes in film morphology will occur if a 
film is annealed at or above its Tg, as molecules in the active region can 
become more mobile. This offers the prospect of polymer:fullerene blends 
undergoing organisation to form a film having ideal phase separation more 
suited to exciton dissociation and charge extraction.  
 
 
Figure 5.5 Glass transition temperatures Tg measured using spectroscopic 
ellipsometry for thin films cast from CHCl3 of PCDTBT-8 (a) and 
PCDT2BT-8 (b) as determined from the first heating and cooling cycles. 
The initial film thicknesses were 50-60 nm for both polymers. 
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To determine whether thermal annealing can be used to improve OPV 
efficiency, completed devices were subjected to various thermal annealing 
temperatures. In this experiment, the devices were soaked under the solar 
simulator for a length of ~ 0.5 hr such that their efficiencies stabilised 
(effectively a simplified burn-in process [30]). Devices were then subjected 
to an initial thermal annealing temperature of 50°C for 5 mins, and then 
quickly quenched (cooled) for 1 min before being measured again using the 
solar simulator. The temperature was then increased by 10°C and repeated 
until a peak efficiency was observed. Figure 5.6(a) displays the normalised 
PCE for a PCDTBT-8:PC70BM (1:4 cast from CB) device and a 
PCDT2BT-8:PC70BM (1:4 cast from CHCl3). A comparison of the Voc for 
OPVs made from both polymers is also presented in Figure 5.6(b). It can be 
seen that optimised efficiencies are obtained using a thermal annealing 
temperature of 120°C for PCDTBT-8 and 110°C for PCDT2BT-8, with the 
maximum Voc value also coinciding with these temperatures. These 
temperatures also coincide with the Tg measured for both polymers, 
suggesting that morphological changes achieved using thermal annealing 
are critical to improving device efficiency through enhanced Voc. Note that 
the decrease in efficiency at annealing temperature 120°C for PCDT2BT-8 
is due to a large reduction in the Jsc. 
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Figure 5.6 – Normalised PCE (a) and Voc (b) for various thermal annealing 
temperatures. Both polymers were initially exposed to the simulated solar 
radiation for 0.5 hr prior to any thermal annealing. Devices were then heated 
for 5 mins at each given temperature and subsequently cooled to room 
temperature for 1 min before measurement. 
 
A maximum efficiency of 4.4% was obtained for PCDTBT-8 based devices 
utilising a MoOx anode buffer layer when spin cast from CB and then 
thermally annealed at 120°C. This efficiency is reduced to 4.2% when a 
PEDOT:PSS anode is used instead. This is a significant improvement 
compared to unannealed devices that yield a maximum PCE of 3.35%. We 
find that the primary device metric which underwent the largest 
improvement on annealing was the Voc, which increased from 0.82 V to 
0.96 V (corresponding to a ~ 17% improvement). This is a relatively high 
open-circuit voltage, especially compared to PCDTBT which typically 
exhibit values of 0.86 V (see Chapter 4). We speculate that this  increase is 
due to a combination of PCDTBT-8 having a deeper HOMO energy level 
together with a thermal annealing treatment that drives improved vertical 
stratification or superior contact between the various layers at their 
interfaces. Despite this large increase, the PCE is mainly limited by its FF 
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with values < 50%, although OFET hole mobilities (see Section 3.8) 
indicate values of 4.5 x 10
-4
 cm
2
V
-1
s
-1
; a respectable mobility for an 
amorphous polymer. Note that HXS-1 has a large FF value of 69% (despite 
displaying a similar hole mobility); a property that most likely results from a 
smaller π-π packing distance as well as the use of solvent additives that (as 
described in more detail in Chapter 7) can also improve the FF. 
 
PCDT2BT-8 can also be used to create OPV devices having an efficiency of 
4.1% upon thermally annealing at 110°C, a process that similarly increases 
the Voc and Jsc. Although larger FF values were obtained (possibly due to a 
greater planarity from the inclusion of extra thiophene rings), device 
efficiency was lower than PCDTBT-8 due to lower Jsc and Voc values. Hole 
mobilities of 2.7 x 10
-3
 cm
2
V
-1
s
-1
 were obtained pointing to enhanced 
rigidity of the polymer backbone. However, it is worth noting that the 
mobility measured for both polymers were from films that were not 
annealed at their optimised thermal annealing temperatures used to prepare 
bulk heterojunction devices. This was because the pure polymer films most 
likely exhibit a different Tg than the polymer:fullerene blends. 
 
Figure 5.7 shows the optimised J-V characteristics of a PCDTBT OPV 
(taken from Figure 4.2), PCDTBT-8 and PCDT2BT-8 for devices utilising a 
PEDOT:PSS anode buffer layer and thermally annealed at their respective 
optimised temperature. The various differences in device metrics are clearly 
apparent, especially the large improvement in the Voc from BT-8 based 
polymers. 
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Figure 5.7 J-V characteristics of optimised devices with device metrics in 
Table 5.2 (indicated by 
(a)
). All devices utilised a PEDOT:PSS anode buffer 
layer and a composite cathode of Ca/Al. 
 
5.6 – Conclusion 
In summary, two polymers with soluble sidegroups on the BT unit were 
synthesised and used in bulk heterojunction solar cells. The introduction of 
octyloxy substituents on the BT unit causes an increase in the optical energy 
gap and therefore a reduced electronic delocalisation, whereas the inclusion 
of additional thiophene moieties along the polymer backbone red-shifts the 
absorption (reducing the optical energy gap) which leads to an increased 
electronic delocalisation. This is due to the octyloxy sidegroups reducing the 
electron accepting capabilities of the BT unit, and the extra thiophene rings 
improving the electron donating abilities of the donor repeat units along the 
polymer backbone. 
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The octyloxy substituents dramatically increase the polymer solubility, with 
an upper solubility limit (taken from the onset of the formation of a turbid 
solution) of 20 mg/ml for PCDTBT-8 in CHCl3 (compared with 1 mg/ml for 
PCDTBT). The additional side-chains on the BT unit cause an increase in 
the solution entropy as well as separate the polymer chains. However, 
additional thiophene rings along the polymer backbone result in a decreased 
solubility limit (~ 1 mg/ml). Although polymeric aggregates were not 
formed, a turbid solution was seen from low concentrations which are likely 
due to the lack of solubilising side-groups on the thiophene units which is 
typically used for polymers like P3HT. 
 
The optimisation of bulk heterojunction solar cells consisted of varying the 
casting solvent, blend ratio (with the fullerene PC70BM), active layer 
thickness and thermal annealing temperature. A thermal annealing treatment 
was found to be necessary to optimise BT-8 based polymer OPV efficiency, 
with values > 4% achieved. An annealing temperature of 120°C for 
PCDTBT-8 resulted in an optimised PCE of 4.22%, with a Jsc of -9.38 
mAcm
-2
, Voc of 0.96 V and FF of 46.9%. PCDT2BT-8 required a slightly 
lower annealing temperature of 110°C, allowing a PCE of 4.12 % to be 
obtained with a Jsc of -8.44 mAcm
-2
, Voc of 0.90 V, and FF of 54.2%. 
Despite both polymers having a deep-lying HOMO energy level, PCEs were 
not dramatically enhanced upon the substitution of PEDOT:PSS with 
thermally evaporated MoOx (as seen in Section 4.2). Efficiencies for 
PCDTBT-8 devices were improved to 4.4% through a small increase in the 
FF. 
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Hole mobilities obtained in unannealed films as measured using an OFET 
technique gave values for PCDT2BT-8 of 2.7 x 10
-3
 cm
2
V
-1
s
-1
. This is 
higher than that for the other two polymers studied which is likely to result 
from a greater degree of backbone rigidity upon inclusion of the additional 
thiophene moieties. 
 
The improved solution preparation from the inclusion of octyloxy 
substituents will be used in the following chapter. This will be combined 
with a study in which thiophene is replaced with selenophene to further 
red-shift polymer absorption spectra to attempt to improve the ability of the 
devices to harvest more sunlight and improve OPV efficiency. 
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Chapter 6 
Effect of replacing thiophene with selenophene in 
PCDTBT and its derivatives 
 149 
The previous chapter presented two polymers based on PCDTBT having the 
inclusion of octyloxy side-groups on the BT unit which improved polymer 
solubility while maintaining a high device performance. The addition of 
extra thiophene repeat units along the polymer backbone was also shown to 
reduce the optical energy gap. In this chapter, the sulphur heteroatom in the 
thiophene units is replaced with selenium (to give a selenophene moiety) to 
lower the optical energy gap which consequently allows a greater overlap 
with the solar spectrum to be gained. Comparison of the effects of 
substituting selenium into PCDTBT and PCDTBT-8 (from Chapter 5), as 
well as fluorene derivatives, will be investigated with their optical and 
electronic properties being presented. 
 
6.1 – Introduction 
Thiophene repeat units have been widely explored in OFET and OPV donor 
materials courtesy of their electron-donating characteristics. Most notably, 
P3HT has been used to create OPV devices with efficiencies of greater than 
5% [1]. Following this, a variety of high performing donor polymers have 
been synthesised having thiophene moieties along their backbone. 
Co-polymers have included thiophene units as a spacer between the “donor” 
and “acceptor” components, such as those containing the benzothiadiazole 
“acceptor” unit [2-8], to enhance the optical and electronic properties. 
 
As a result of polymer synthesis, these thiophene units can be modified to 
fine-tune polymer properties. A direct replacement of the sulphur 
heteroatom in a thiophene repeat unit is possible as long as conjugation is 
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maintained. This can be easily achieved by using a different atom from 
Group 16 in the periodic table (for example oxygen or selenium). The result 
of this substitution can have a direct influence on the resultant polymer 
absorption. Selenophene moieties (whereby the sulphur heteroatom in a 
thiophene is replaced with selenium) are more electron-rich than thiophene; 
a property that consequently increases the electronic delocalisation of the 
polymer, leading to a reduced optical energy gap and thus a red-shift of 
polymer absorption. This effect has been observed in P3HT based polymers 
such as P3HS [9], as well as many other polymer systems [10-15]. Further 
advantages of selenophene over thiophene repeat units include greater 
rigidity and stronger intermolecular interactions which may aid charge 
carrier mobility [16-17]. Despite such potential benefits, the majority of 
studies on these materials have not evidenced significant improvements in 
OPV efficiency. An exception to this comes from a study in which OPV 
efficiencies of 6.87% were observed; a result of a high Jsc value of -16.8 
mAcm
-2
 [18]. 
 
Fluorene-based polymers have also been used in OPV devices due to their 
good solubility and chemical and thermal stability [19-25]. However, device 
efficiency has been limited to ~ 4.5% due to low FF and charge carrier 
mobility [26]. Section 7.1 provides more detail regarding fluorene-based 
polymers. Carbazole units have, as presented in Chapters 4 and 5, been 
shown to achieve PCEs in excess of 7% [27-28] in OPV devices. Both 
selenophene and fluorene units are explored (as the donor component) in 
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this chapter to determine the effect of such chemical substitution with the 
aim of the work being to improve device efficiency. 
 
Figure 6.1 summarises the donor and acceptor moieties investigated in this 
chapter. Note that the thiophene units and the sidegroups on the BT unit are 
modified to create selenophene and octyloxy containing polymers 
respectively. The full structure of each polymer is shown in Section 2.10. 
 
 
Figure 6.1 Comparison of all the polymer chemical structures. For full 
structure of each polymer, refer to Section 2.10. 
 
It is worth noting that some of the polymers presented in this chapter have 
previously been reported in the literature (PCDTBT, PFDTBT, PCDTBT-8, 
PCDSeBT, PFDSeBT and PFDTBT-8). References regarding previous 
studies on PCDTBT have been provided in Chapter 4, and those on 
PCDTBT-8 provided in Chapter 5. Fluorene-based polymers, including 
PFDTBT and its derivatives, were discussed above (also see Section 7.1). 
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The selenium version of PCDTBT, i.e. PCDSeBT, has been observed to 
increase device efficiency, compared with its thiophene equivalent, with a 
PCE of 4.12% reported [10]. However, in that same study the thiophene 
reference (PCDTBT) provided lower efficiencies compared with that 
reported from other groups, as well as those presented in Chapters 4 and 5. 
PFDSeBT has also been previously utilised in OPV devices and was 
referred to as PFO-SeBT [29]. In this report, PCEs of PFO-SeBT were 
restricted to 1% due to poor Jsc and FF values, despite varying the ratio of 
the co-monomers along the donor polymer backbone. Previous work on the 
polymer PFDTBT-8 reported OPV efficiencies of 3.1% [30]. The low Jsc 
achieved however prevented this polymer from achieving the high 
performances demonstrated in Section 6.4. 
 
6.2 – UV-Vis spectroscopy and energy levels 
The thin film absorption spectra of the polymers are shown in Figure 6.2 
(part (a) for BT- and (b) for BT-8 based polymers) with peak absorption 
wavelengths (both in thin films and in CHCl3 solution) and optical energy 
gaps summarised in Table 6.1 and Figure 6.3 part (a). It is evident that 
replacing the thiophene repeat units with selenophene results in a red-shift 
in the optical absorption (consistent with reports outlined above). This 
results in the Se-based polymers exhibiting a reduced optical energy gap and 
therefore a greater electronic delocalisation; a property consistent with the 
selenium heteroatom being more electron-rich. However, this trend is not 
observed for the polymers PFDTBT and PFDSeBT where the latter has, in 
fact, a blue-shifted thin film absorption peak and a similar optical energy 
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gap. This effect could be attributed to a higher degree of aggregation in 
PFDTBT thin films as the absorption peak in solution is much lower than 
PFDSeBT (549 vs. 575 nm respectively). 
 
 
Figure 6.2 Normalised thin film absorption spectra for (a) BT-based 
polymers and (b) for BT-8. 
 
Polymer 
λmax / nm 
Thin film 
(CHCl3 Solution) 
Eg
op
 
/ eV 
HOMO 
/ eV 
LUMO 
/ eV 
Eg
elec
 
/ eV 
PCDTBT 396 (392) / 570 (547) 1.88 -5.35 -3.42 1.93 
PCDSeBT 404 (404) / 596 (584) 1.82 -5.46 -3.25 2.21 
PFDTBT 408 (393) / 592 (549) 1.86 -5.34 -3.44 1.90 
PFDSeBT 399 (400) / 571 (575) 1.86 -5.42 -3.25 2.17 
PCDTBT-8 391 (384) / 536 (513) 1.98 -5.40 -3.27 2.13 
PCDSeBT-8 399 (393) / 555 (540) 1.94 -5.47 -3.09 2.38 
PFDTBT-8 391 (388) / 544 (518) 1.98 -5.44 -3.32 2.12 
PFDSeBT-8 411 (398) / 599 (548) 1.87 -5.47 -3.12 2.35 
 
Table 6.1 UV-Vis, optical and electrical energy gap, as well as the energy 
levels for all polymers. Data acquired by Hunan Yi, Abdulaziz Alghamdi 
and Solyman Al-Faifi from the Chemistry department. 
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Similar effects to those reported in Section 5.2 can be seen by comparing 
the BT and BT-8 equivalents; i.e. a blue-shifted absorption upon including 
octyloxy side chains resulting in a larger optical energy gap. This is due to 
the functionalised BT unit having a reduced electron accepting capability. 
Replacing the carbazole with fluorene generally results in a red-shift in peak 
absorption wavelength as well as a decreased Eg
op
, although the opposite is 
true for PFDSeBT and PCDSeBT where the carbazole polymer has a 
red-shifted peak value: 571 and 590 nm respectively. 
 
 
Figure 6.3 Graphical comparison of thiophene and selenophene polymers. 
Part (a) shows the optical energy gap Eg
op
. The HOMO and LUMO energy 
levels are shown in parts (b) and (c) respectively. Part (d) shows the 
molecular weight Mw. In every case the generic thiophene polymer name is 
indicated on the x-axis. Note that part (d) is in logarithmic scale. 
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The HOMO and LUMO energy levels of the polymers are also shown in 
Table 6.1 and Figure 6.3 part (b) and (c) respectively. It is apparent that the 
HOMO energy levels are slightly deeper for all selenophene polymers. This 
could be a result of the small difference in the electronegativity between 
sulphur and selenium as well as their differences in electron donating 
capabilities [31]. Interestingly, the observed LUMO energy levels 
(determined from CV) of the selenophene polymers are closer to the 
vacuum level, leading to a larger electrical energy gap, despite having a 
smaller optical energy gap. Note that the electrical energy gap, Eg
elec
, (i.e. 
the difference between the HOMO and LUMO energy levels) differs from 
the optical energy gap as Eg
elec
 takes into consideration the binding energy 
of an exciton. 
 
Upon the inclusion of octyloxy side-chains (for both thiophene and 
selenophene polymers), a similar pattern is seen as previously detailed in 
Section 5.3 for PCDTBT and PCDTBT-8; the HOMO energy level deepens 
while the LUMO approaches the vacuum level. Here, both effects are due to 
the reduced electron accepting capabilities upon functionalising octyloxy 
sidegroups on the BT unit. No similar trend is however apparent when 
comparing carbazole and fluorene based polymers. 
 
6.3 – Molecular weight 
Table 6.2 reports the number-average molecular weight (Mn), molecular 
weight (Mw) and synthesis yield for all polymers. Figure 6.3 part (d) 
compares the Mw for all polymers. Replacing the sulphur heteroatom with 
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selenium results in the lowering of the Mw, which could be due to lower 
polymer solubility. This is also observed from their synthesis yields with 
Se-based polymers having a reduced value. This is particularly evident in 
the case of PCDTBT and PCDSeBT (73 and 30% respectively). The 
inclusion of octyloxy substituents on the BT unit provides polymers with 
higher solubilities. This is identifiable from the enhanced Mw (values 
exceeding 60.0 kDa) as well as the synthesis yields with both Se-polymers 
PCDSeBT-8 and PFDSeBT-8 displaying yields of 60% or higher. 
 
Polymer Mn / kDa Mw / kDa Yield / % 
PCDTBT 22.5 32.6 73 
(a),(b) 
PCDSeBT 3.9 9.4 30 
PFDTBT 5.3 7.3 19 
PFDSeBT 1.9 4.6 27.9 
PCDTBT-8 32.8 78.6 95 
(b) 
PCDSeBT-8 26.0 62.9 60 
PFDTBT-8 78.4 468.7 14 
(a)
 
PFDSeBT-8 54.2 126.0 74 
 
Table 6.2 GPC and synthesis yield for all polymers. Polymers were from a 
toluene Soxhlet fraction unless stated otherwise. 
(a)
 Chloroform fraction, 
(b)
 
values taken from ref 32. Data provided by Hunan Yi, Abdulaziz Alghamdi 
and Solyman Al-Faifi from the Chemistry department. 
 
It is worth noting that the fluorene-based polymers without octyloxy 
sidegroups exhibited a lower Mw than their carbazole equivalents. This is a 
consequence of the polymer solubility which is identifiable from the 
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differing yields, < 20% and 73% for PFDTBT and PCDTBT respectively. 
However, if BT is replaced with BT-8, it is found that the fluorene-based 
polymers have a molecular weight greater than 100.0 kDa and yields > 70% 
(note that the toluene fraction of PFDTBT-8 presented a synthesis yield of 
77.7%). Clearly the introduction of octyloxy sidegroups enhance the 
solubility and allow a greater distance between polymer chains in solution 
and in thin films (as concluded in Section 5.4 and verified later in Section 
6.4.2). 
 
6.4 – Device optimisation 
As shown in the previous chapters, device efficiency is greatly dependent on 
the choice of casting solvent, blend ratio and thermal annealing temperature. 
It is worth emphasising however that only a relatively limited device 
optimisation programme was possible due to only small quantities of each 
Se-based polymer being available. Because of this, a number of processes 
could not be examined, including the effect of solvent additive, 
thermal/solvent annealing and replacing the PEDOT:PSS anode buffer layer 
with a metal oxide. However, for all polymers, the effect of solvent and 
blend ratio was examined. All polymers were also subjected to a thermal 
annealing temperature of 80°C although most, as indicated in Table 6.3, did 
not benefit from such a process step. The device metrics for all polymers are 
compared in Figure 6.4. 
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Results from the optimisation process are displayed in Table 6.3 with the 
equivalent polymers containing thiophene and selenophene gathered 
together for sake of comparison. It can be seen that for most polymers (with 
the exception of PCDSeBT-8), selenophene-based devices are less efficient 
than those based on the equivalent sulphur containing polymers and have a 
PCE that is 30% lower on average. A noticeable trend is that the optimised 
Se-based devices necessitate the use of a thinner active layer thickness with 
the peak efficiencies being obtained from a thickness 10-20 nm thinner than 
their equivalent thiophene-counterparts. As we show later, this is a 
consequence of the lower hole mobility of selenophene polymers. This 
reduces device Jsc, with the other device metrics (FF and Voc) showing only 
a small decrease when thiophene is substituted with selenophene, although 
these lower values continue to affect the overall efficiencies. These effects 
are evident in J-V characteristics as shown in Figure 6.5 where part (a) is for 
the BT-based polymers and (b) for those based on BT-8. 
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Polymer Solvent 
Blend 
Ratio 
Thickness 
/ nm 
Jsc / 
mAcm
-2
 
Voc 
/ V 
FF 
/ % 
PCE / % 
PCDTBT CB 1:4 70 -9.91 0.89 62.64 5.53 
(a),(b)
 
PCDSeBT CHCl3 1:3 60 -6.62 0.85 59.20 3.34 
PFDTBT CHCl3 1:4 70 -9.66 1.03 54.74 5.41 
PFDSeBT CHCl3 1:3 50 -8.08 0.97 51.48 4.03 
PCDTBT-8 CB 1:4 72 -9.39 0.96 48.90 4.41
(a),(c)
 
PCDSeBT-8 CB 1:4 60 -10.28 0.92 46.01 4.35 
PFDTBT-8 CB 1:4 70 -10.22 1.02 47.57 4.94 
(b)
 
PFDSeBT-8 DCB 1:4 50 -8.23 0.99 42.22 3.45 
 
Table 6.3 Optimised device metrics for all polymers with 
thiophene-selenophene pairs grouped together. All polymers were blended 
with PC70BM and a PEDOT:PSS anode buffer was utilised except 
(a)
 which 
used thermally evaporated MoOx. 
(b)
 These devices were thermally annealed 
at 80ºC, 
(c)
 annealed at 120 ºC, for 15-30 mins. 
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Figure 6.4 Optimised device metrics for thiophene and selenophene 
polymers, whose values are shown in Table 6.3. Part (a) shows the PCE, (b) 
the Jsc, (c) the Voc, and (d) the FF. In each case the generic thiophene 
polymer name is detailed on the x-axis. 
 
Despite small differences in their HOMO energy levels, the fluorene 
polymers displayed higher Voc values (with an increase of up to 0.14 V) 
compared to their carbazole analogues. These fluorene device PCEs were 
however limited by their lower FF values. Nevertheless, fluorene-based 
devices were capable of producing similar or higher efficiencies than those 
achieved from carbazole devices. The only exception is the polymer 
PFDSeBT-8 which had one of the lowest recorded PCE values, due to its 
low Jsc and FF. This is due to PFDSeBT-8 having a lower molar absorptivity 
than the other polymers, see Table 6.4. 
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As seen in Section 5.5, the inclusion of octyloxy substituents leads to 
improved Voc values in optimised devices. This result is also observed here 
possibly due to deeper HOMO energy levels, with the largest increases 
obtained from the carbazole-based polymers. It is apparent however that 
BT-8 based devices have reduced FF values. 
 
 
Figure 6.5 J-V characteristics of the optimised devices for (a) BT and (b) 
BT-8 based polymers. Device metrics provided in Table 6.3. 
 
6.4.1 Photoluminescence quantum yield and molar absorption 
coefficient 
The photoluminescence quantum yield (PLQY, see Section 3.5) of pristine 
selenophene polymer thin films (spun from their optimised device casting 
solvent) was lower compared to their thiophene analogues, and is 
summarised in Table 6.4 and Figure 6.6 part (a). The results clearly 
demonstrate that the Se-polymers have a significantly lower PLQY. This 
suggests that the singlet-exciton population available for dissociation has 
been reduced, potentially influencing the performance of devices. This 
reduced efficiency may possibly be due to increased intersystem crossings 
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to lower lying triplet states; a consequence anticipated as a result of the 
heavy atom effect of selenium [29]. 
 
Polymer 
PLQY / 
% 
ε / Lmol-1cm-1 μ / cm-2V-1s-1 d-spacing / Å 
PCDTBT 7.30 39,330 6.11 x 10
-4
 4.00 ± 0.02 
PCDSeBT 0.55 36,000 5.08 x 10
-5
 4.19 ± 0.03 
PFDTBT 7.30 38,080 1.82 x 10
-3
 4.03 ± 0.02 
PFDSeBT 0.96 33,230 6.05 x 10
-4
 4.16 ± 0.02 
PCDTBT-8 11.60 42,310 4.43 x 10
-4
 4.22 ± 0.03 
PCDSeBT-8 1.50 49,666 3.36 x 10
-4
 4.16 ± 0.02 
PFDTBT-8 7.20 35,740 4.63 x 10
-4
 4.13 ± 0.02 
PFDSeBT-8 2.70 23,200 1.04 x 10
-4
 4.22 ± 0.03 
 
Table 6.4 Photoluminescence quantum yield, molar absorption coefficient 
(ε), OFET hole mobility (μ) and d-spacing for all polymers. Each polymer 
was spun from their optimised device solvent with no thermal annealing. 
Molar absorption coefficient data was provided by Mohammed Almeataq 
from the Chemistry department. 
 
The solution molar absorption coefficient (ε) is also displayed in Table 6.4 
(and compared in Figure 6.6 part (b)) and was measured to quantify the 
intrinsic absorption properties of the polymers. It can be seen that the 
selenophene polymers generally have a lower molar absorption coefficient 
which, when also combined with a thinner optimised active layer thickness, 
leads to a reduced charge generation efficiency despite their lower optical 
energy gaps. Interestingly, the only exception is PCDSeBT-8 which has the 
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highest molar absorptivity of all polymers studied; a result that may explain 
the large Jsc observed in devices despite the use of a thin active layer 
thickness of ~ 60 nm. 
 
In general however, if we compare the carbazole and fluorene polymers, it 
can be seen that ε is larger in thiophene polymers, and is also more 
pronounced in the BT-8 substituted polymers. In particular, polymers 
PFDSeBT and PFDSeBT-8 exhibit the two lowest ε values which correlates 
with their poor Jsc values. We believe that the poor light harvesting 
properties of these polymers contributes in a significant way to their poor 
efficiency when made into an OPV device. 
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Figure 6.6 Comparison of (a) PLQY, (b) the molar absorption coefficient ε, 
(c) hole mobility μ, and (d) the d-spacing for the thiophene and selenophene 
polymers. In all cases, the generic thiophene name of the polymer is shown 
on the x-axis. 
 
6.4.2 OFET mobility and GIWAXS 
Hole mobilities (μ), as determined from OFET measurements, are presented 
in Table 6.4 and Figure 6.6 part (c). It is evident that all the thiophene 
polymers exhibit higher values than their selenophene equivalents. Polymer 
PCDSeBT-8 displayed a hole mobility similar to its thiophene counterpart. 
Notably, devices utilising this polymer obtained a PCE similar to those 
based on PCDTBT-8. 
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It can be seen that the mobility of PCDSeBT presented here is much lower 
(~ 1 order of magnitude) than that reported in ref. 10 (5.08 x 10
-5
 vs. 5.10 x 
10
-4
 cm
-2
V
-1
s
-1
 for as-cast films). The processing conditions were different 
through the choice of casting solvent (independently optimised), most 
certainly leading to differing morphologies that consequently influence the 
resulting mobility. The large difference in Mw of the polymers (9.4 vs. 208.3 
kDa) is also likely to have a significant affect. To investigate this, 
measurements were taken from two fractions of PCDTBT-8 (in which the 
Mw differed by ~ 2.5 times). Here, we found that the larger Mw polymer had 
a mobility of 4.50 x 10
-4
 cm
2
V
-1
s
-1
 compared to the lower Mw version that 
had a mobility of 3.41 x 10
-5
. This suggests that the higher molecular weight 
fraction is able to facilitate intramolecular transport over longer distances. 
 
These lower hole mobility values correlate with the reduced efficiencies 
obtained from most of the selenophene-based polymers. To further explore 
this effect, grazing incident wide-angle x-ray scattering (GIWAXS) was 
used to compare the molecular packing of the polymers. All thin films were 
prepared under identical conditions using a solvent determined by OPV 
device optimisation. 
 
The d-spacing for each polymer, as reported in Table 6.4 and compared in 
Figure 6.6 part (d), reveals that the selenophene moieties generally increase 
the π-π stacking distances, perhaps due to the larger radius of the selenium 
atom. As was determined for polymers containing BT-8 (see Section 5.4), 
these materials have larger π-π distances. 
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6.4.3 – Thin film photostability 
To determine any differences in photostability, pristine polymer thin films 
were spin-cast from their respective optimised casting solvent and 
absorption spectra were measured before the films were exposed to light 
from a solar simulator for ~ 30 mins in air. Absorption spectra of the thin 
films were then taken under the same conditions as the initial 
measurements. 
 
The UV-Vis absorption spectra recorded before and after light exposure are 
shown in Figure 6.7, with each part detailing common materials that were 
either based on thiophene or selenophene. Note that the spectra are 
normalised to the absorption peak recorded before light exposure. It is 
evident that there is a larger reduction in the peak absorption of the 
selenophene materials compared to those based on thiophene. Notably, 
PFDTBT displayed only minimal changes possibly thanks to the thermal 
and chemical stability of fluorene. In general, we find that the selenophene 
absorption reduced by 15-96% as a result of light exposure, whereas the 
thiophene polymer absorption was reduced by 1-13%. The most noticeable 
reduction was seen from PFDSeBT-8, in which its absorption band almost 
completely disappeared after light exposure. Indeed, the light exposed 
PFDSeBT-8 thin film could not be seen by eye. Interestingly, the peak 
reduction is also more pronounced in polymers containing octyloxy 
substituents (both thiophene and selenophene). 
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Figure 6.7 Normalised UV-Vis of before and after photo-degradation of (a) 
PCDTBT and PCDSeBT, (b) PFDTBT and PFDSeBT, (c) PCDTBT-8 and 
PCDSeBT-8, and (d) PFDTBT-8 and PFDSeBT-8. 
 
Another noticeable consequence is that the absorption peak blue-shifts after 
photobleaching (excluding PFDSeBT-8 where no peak could be seen). This 
is most likely a result of a decrease in electronic delocalisation caused by 
chemical degradation. This effect is more pronounced in the selenophene 
based polymers. The cause for such reduced photostability in the Se-based 
polymers could be due to the presence of triplet states (as predicted earlier 
from the PLQY results) since such states have a longer lifetime than singlet 
states. Photo-degradation could therefore be more significant in polymers 
having such long living excited states. Although the photostability of these 
Se-polymers appears to be worse than their thiophene counterparts, the 
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opposite finding has been made in a comparison of P3HT vs. P3HS [9]. It is 
likely therefore that the photostability of selenium-based polymers is highly 
dependent on the overall polymer structure. 
 
6.5 – Conclusion 
In this chapter, derivatives of PCDTBT were presented which incorporated 
selenium instead of sulphur heteroatoms along the polymer backbone. The 
absorption spectra of these new polymers are red-shifted due to selenium 
having a smaller ionisation potential causing the optical energy gap to be 
smaller. The HOMO energy level was also observed to increase; a result due 
to the difference in electronegativity of the two heteroatoms as well as their 
differing electron donating capabilities. 
 
The selenophene-based polymers were less efficient when fabricated in bulk 
heterojunction solar cells with the only exception being PCDSeBT-8. Such 
reductions were primarily due to lower Jsc values which we attribute to a 
lower molar absorption coefficient, as well as their reduced hole mobilities 
which therefore necessitated the use of a thinner active layer to maximise 
charge extraction efficiency. Fluorene based polymers were also relatively 
more efficient as a result of an enhanced Voc. Functionalisation of the BT 
moiety was also explored, however OPV device efficiency was limited by 
relatively low FF. 
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The results from PLQY measurements suggest the potential existence of 
triplet states in Se-based polymers which deplete the singlet-exciton 
population and therefore limit charge generation efficiency in BHJ devices. 
Photostability also appears to be a more significant concern for the selenium 
polymers. The possible presence of triplet states (having longer lifetimes) 
may also increase the rate of photo-degradation in Se-based thin films. A 
greater reduction is also observed from octyloxy containing polymers. 
 
The most promising Se-based polymer studied was PCDSeBT-8. This had a 
good hole mobility and a high molar absorption coefficient which allowed a 
high optimised power conversion efficiency of ~ 4.4% to be obtained with a 
Jsc value greater than its thiophene equivalent. 
 
It is also clear that the fluorene-based polymers studied have enhanced Voc 
and lower optical energy gaps making them promising materials for OPV 
devices. In the following chapter, we explore a new fluorene based polymer 
(PFDT2BT-8) and obtain significant improvements in OPV efficiency. 
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Chapter 7 
A high performing fluorene-based polymer for 
OPV applications 
 176 
In the previous two chapters it was shown that the basic building blocks of 
the polymer PCDTBT can be modified to optimise certain device properties, 
including solubility, absorption and charge-carrier mobility. In Chapter 5 we 
detailed the influence of the addition of solubilising sidegroups on the BT 
unit and how polymeric solubility can be greatly enhanced while 
maintaining high device performance. The inclusion of additional thiophene 
moieties along the polymer backbone was then shown to reduce the optical 
energy gap, consequently red-shifting the absorption, as well as increasing 
the hole mobility due to a greater degree of polymer planarity. Although the 
previous chapter primarily focused on the substitution of thiophene with 
selenophene (similarly found to reduce the optical energy gap), the 
carbazole based polymers were also compared with those containing a 
fluorene unit. It was generally found that the latter displayed superior 
performance due to an increase by up to 0.17 V in the open-circuit voltages 
of optimised devices. Polymers containing soluble sidegroups on the 
benzothiadiazole unit (BT-8) also displayed increased solubilities leading to 
higher molecular weights. Through the combination of such alterations, this 
chapter presents a novel fluorene-based polymer which contains a BT-8 unit 
as well as additional thiophenes (i.e. PFDT2BT-8) for photovoltaic 
applications. 
 
7.1 – Introduction 
As briefly discussed in Section 6.1, fluorene-based polymers display 
numerous attractive properties including good solubility and chemical and 
thermal stability [1-8]. When used in bulk heterojunction devices, Voc 
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values exceeding 1 V can be realised [9-20]. However, despite these 
advantages, studies regarding such polymers have seen power conversion 
efficiencies restricted to ~ 4.5% [21]. In this case, the authors associated the 
low charge carrier mobility as the parameter needing further optimisation to 
improve device FF, which in previous studies was low despite a thin active 
layer thickness of 47 nm. 
 
There have been several studies on the use of PFDTBT type polymers as a 
structure around which to create lower energy gap polymers. For example, 
the APFO family [22] modifies/replaces the BT unit and has resulted in a 
polymer with a reduced energy gap and a photoresponse up to 1,000 nm 
[23-24]. Performance, however, for APFO-Green1 was restricted by low 
device metrics, consequently preventing efficiencies greater than 1% being 
demonstrated. Other approaches used the inclusion of additional thiophenes 
along the polymer backbone for fluorene and benzothiadiazole containing 
polymers to reduce the optical energy gap [25-27]. Solubility issues arising 
from the lengthened backbone were addressed through the introduction of 
alkyl chains on the thiophene units rather than on the BT unit [25-26]. 
Efficiencies were however restricted to a maximum of 2.63% due to low FF 
values. The positioning of such side chains on the thiophene units was found 
to be important, not only to improve solubility, but also to control the 
molecular weight and the electronic properties of the resultant polymer 
[25,28]. 
 
 178 
In this chapter, a fluorene based polymer termed PFDT2BT-8 is 
characterised, having soluble side chains on the BT unit (chemical structure 
displayed in Figure 7.1a). This material is compared with its analogous 
carbazole cousin PCDT2BT-8 (as presented in Chapter 5, Figure 7.1b). 
Comparisons will also be made throughout with refs 25-27 that detail 
similar polymers having soluble side chains positioned on the thiophene 
units (Figure 7.1c) as well as PFDTBT-8 (from Chapter 6, without the 
additional thiophenes). 
 
 
Figure 7.1 Chemical structure of polymers compared in this chapter. Part 
(a) displays the novel polymer PFDT2BT-8 explored here, while (b) shows 
its carbazole equivalent PCDT2BT-8. The polymers presented in refs 25-27 
are displayed in part (c), note the absence of sidegroups on the BT unit. 
 
 
PFO-M1    : X=Y=H, Z=C10H21 
PFO-M2    : Y=Z=H, X=C12H25 
PFO-M3    : X=Z=H, Y=C6H13 
F8TTBTT : Y=H, X=Z=C6H13 
PFDT2BT : X=Y=Z=H 
(a) 
(b) 
(c) 
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7.2 – UV-Vis spectroscopy and energy level determination 
Figure 7.2 displays the normalised absorption spectra of PFDT2BT-8 in a 
CHCl3 solution as well as a thin film spun from CHCl3 (pristine and blended 
with PC70BM at a blend ratio of 1:4). Although both systems display very 
similar peak values (summarised in Table 7.1), positioned at 420 and 
540-550 nm, the thin film spectrum exhibits a greater degree of absorption 
beyond 550 nm. This could be due to a number of effects including an 
increased backbone planarity, enhanced intermolecular interactions, as well 
as additional inhomogeneous broadening; an effect that results from 
molecules adopting a non-equilibrium conformation. 
 
Although the thin film maximum absorption peaks occur at approximately 
the same wavelength as PFDTBT-8 (~ 550 nm), the peak extends further 
resulting in an enhanced absorption above 550 nm. This broadening results 
in an absorption onset at 655 nm, resulting in an optical energy gap of ~ 
1.89 eV (see Table 7.1). This indicates therefore that the inclusion of 
additional thiophene moieties has reduced the optical energy gap by ~ 0.09 
eV (c.f. ~ 1.98 eV for PFDTBT-8, Table 7.1), which can be attributed to a 
combination of steric and electronic effects. The low wavelength peak also 
occurs at a longer wavelength upon thiophene inclusion (similarly seen in 
Section 5.2). 
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Figure 7.2 Absorption spectra of the polymer in a CHCl3 solution and as a 
thin film (pristine polymer and blended with PC70BM at 1:4) spun from a 
CHCl3 solution. 
 
A comparison with polymers in which the soluble side chain exists on the 
thiophene units (as well as PFDT2BT which has no side groups) suggests 
that placing the side chains on the BT unit results in a larger optical energy 
gap. This result is consistent with the findings from the previous chapters. 
Note that the polymer F8TTBTT (where all four thiophenes have side 
chains at the 4’-position) displayed an even larger Eg
op
. Clearly the 
positioning of soluble side chains has an affect on the optical properties as 
well as the polymeric solubility. 
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Polymer 
λmax / nm 
Thin film 
(CHCl3 Solution) 
Eg
op
 / 
eV 
Mw / 
kDa 
HOMO 
/ eV 
LUMO / 
eV 
PFDT2BT-8 420 (420) /  550 (540) 1.89 91.6 -5.33 -3.34 
PFDTBT-8 392 (388) / 544 (518) 1.98 468.7 -5.44 -3.32 
PCDT2BT-8 421 (420) / 548 (542) 1.93 57.2 -5.20 -3.29 
PFO-M1
a)
 402 / 571 1.79 171.2 -5.40 -3.13 
PFO-M2
a)
 417 / 565 1.81 13.5 -5.37 -3.17 
PFO-M3
a)
 428 / 589 1.77 142.6 -5.34 -3.22 
F8TTBTT
b)
 405 (390) / 560 (550) 2.07 63.7 -5.45 -3.38 
PFDT2BT
c)
 422 (412) / 547 (518) 1.83 36.0 -5.43 -3.60 
 
Table 7.1 UV-Vis, GPC and energy levels of PFDT2BT-8 compared with 
its carbazole equivalent and PFDTBT-8 (without the additional thiophenes). 
Data provided by Hunan Yi from the Chemistry department. 
a)
 taken from 
ref 25 (no solution absorption provided), 
b)
 from ref 26 (values are 
approximate), 
c)
 from ref 27. 
 
The measured Mw of PFDT2BT-8 (also displayed in Table 7.1) is relatively 
high at 91.6 kDa, suggesting good solubility. A similarly high Mw value was 
also seen from PFDTBT-8 in Chapter 6, implying that the introduction of 
octyloxy substituents leads to an enhanced solubility for fluorene based 
polymers (Mw was restricted to < 10.0 kDa without such side groups). 
Interestingly, PFDT2BT (which has additional thiophene moieties but no 
soluble side chains) displayed a Mw value of 36.0 kDa [27]. Although this 
polymer did not include any sidegroups (apart from those on the fluorene 
unit), its Mw was larger than their presented PFDTBT which, similar to the 
version discussed in Chapter 6, was restricted to 7.0-8.0 kDa. This suggests 
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that extending the polymer backbone with additional thiophene moieties 
appears to enhance the polymer solubility (as well as increase the molecular 
weight) even without the presence of soluble side chains. This result is 
surprising and is in contrast to the results presented for the carbazole 
equivalent discussed in Section 5.4, in which we concluded the lack of 
sidegroups would result in a polymer with poor solubility. Sidegroups 
located on the thiophene units led to polymers (PFO polymers) having very 
high molecular weights (Mw > 100 kDa), although the positioning of 
side-chains was found to be crucial [25]. For example, placing the side 
chain on the 4’-position of the thiophene adjacent to the fluorene unit 
(PFO-M2) prevented such a large improvement (~ 13.0 kDa) due to steric 
hindrance effects. 
 
The HOMO and LUMO energy levels (as determined from CV 
measurements) are shown in Table 7.1. Similar to the results presented in 
Chapter 5, the HOMO energy level for the polymer with additional 
thiophene moieties (-5.33 eV) is slightly smaller (closer to vacuum level); 
an observation attributed to the fact that the thiophene units enhance the 
electron accepting capabilities of the polymer. It is however worth noting 
that this value remains below the air oxidation threshold at approx. -5.27 eV 
[29], implying high stability of the fluorene unit, whereas the carbazole 
equivalent exhibited a HOMO energy level at -5.20 eV. The LUMO energy 
level is consistent with PFDTBT-8 (~ 0.02 eV difference); a result similarly 
observed in the carbazole polymers in Chapter 5. 
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7.3 – Device optimisation 
Optimisation protocols were initially based on that used for PCDT2BT-8 
(see Section 5.5) since their structure and energy levels are similar. 
However, with the presence of fluorene and its higher solubility it was 
thought that the polymer could be successfully processed from DCB and CB 
solutions (results shown in Table 7.2, J-V characteristic from devices with 
max PCE displayed in Figure 7.3). The PCEs of such devices tend to be 
around 5%, with DCB processed devices having superior FFs, although 
such values were still quite low (this appears to be a trend for fluorene based 
polymers, see Table 6.3). The use of a solvent additive (diiodooctane – 
DIO) has been shown to improve the efficiency of devices based on the 
materials PBDTTT-C-T [30-31], PTB7 [32-34] and PDTG-TPD [35-36], 
primarily through the Jsc and FF. It is believed that DIO solubilises PC70BM 
[37] as well as increasing the thin film drying time (due to its higher boiling 
point temperature). DIO was thus used in a CB solution (at 1 and 3% vol) to 
improve device performance. As evident from Table 7.2 and Figure 7.3, the 
FF was indeed improved as a result of the use of DIO, however, the Jsc was 
dramatically reduced resulting in maximum efficiencies of ~ 3%. We 
speculate that this was due to non-ideal phase separation leading to reduced 
exciton dissociation. However, we were not able to test this due to DIO 
remaining within the thin film. This caused the film to have a “wet” surface, 
meaning it was not possible to use AFM to image the film. 
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Solvent 
Blend 
Ratio 
Thickness 
/ nm 
Jsc / 
mAcm
-2
 
Voc / V 
FF / 
% 
PCE / 
% 
DCB 1:4 75 -10.48 0.90 54.10 5.12* 
CB 1:4 75 -10.55 0.89 50.17 4.72* 
CB+1%DIO 1:4 60 -4.70 0.95 69.12 3.10* 
CB+3%DIO 1:4 60 -4.74 0.97 68.18 3.12* 
CHCl3 1:2 90 -9.17 0.91 52.19 4.35 
 1:3 75 -9.95 0.90 56.89 5.08 
 1:4 60 -10.44 0.92 64.50 6.20
+
 
(a) 
1:4 90 -9.82 0.91 65.12 5.84
+
 
(a),(b) 
1:4 80 -9.21 0.93 55.97 4.79 
 1:5 60 -9.82 0.91 59.69 5.36 
 
Table 7.2 Optimised device metrics from various casting solvents and blend 
ratios. Device architecture was ITO/PEDOT:PSS/PFDT2BT-8:PC70BM/ 
Ca/Al. 
(a)
 Thermally evaporated MoOx anode buffer layer replaced 
PEDOT:PSS. 
(b)
 Thermally annealed post-cathode deposition at 80°C. J-V 
characteristics of devices marked with * are shown in Figure 7.3, and with 
+
 
shown in Figure 7.4. 
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Figure 7.3 J-V characteristics of devices cast from CB, DCB and CB with a 
DIO solvent additive (1 and 3% volume). PEDOT:PSS anode buffer layer 
and a Ca/Al cathode was used for all. Device metrics provided in Table 7.2. 
 
Decreasing the thin film drying time by using a low boiling point solvent 
(CHCl3) resulted in enhanced device efficiencies. Although the Jsc remained 
similar to those achieved using both CB and DCB casting solvents, the Voc 
and FF values increased. A maximum PCE of 6.2% was realised upon 
optimisation of the blend ratio and active layer thickness (the J-V 
characteristic is displayed in Figure 7.4). Significantly, this high 
performance was achieved with no need for any post-deposition treatment 
(solvent or thermal annealing) or a solvent additive which have been a 
necessity for other polymers with similar energy gaps. This result is 
promising for potential large-scale production due to the ease of solution 
and film preparation. It is also the highest performing fluorene based 
polymer for OPV applications. 
 186 
 
Figure 7.4 J-V characteristics of optimised devices spincast from CHCl3 
utilising either a PEDOT:PSS or MoOx anode buffer layer. 
 
With the HOMO energy level having a value comparable with PCDTBT 
(-5.33 eV and -5.35 eV respectively), replacing the PEDOT:PSS with MoOx 
was expected to result in an enhanced ohmic contact leading to improved 
Voc and FF values (as seen in Section 4.2). However, despite a marginal 
increase in the FF, a small reduction in the Jsc resulted in a maximum PCE 
of 5.8% (see Figure 7.4 and Table 7.2). This reduction in Jsc is thought to be 
due to a reduced electric field distribution within the device, as confirmed 
from the transfer matrix model. Here, the active layer thickness was varied 
while the cathode composition was kept constant (a bi-layer consisting of a 
5 nm Ca layer backed by 200 nm Al) for a 10 nm thick MoOx and a 20 nm 
PEDOT:PSS layer. Upon comparing the modelled photocurrent for devices 
based on PEDOT:PSS and MoOx (Figure 7.5), the Jmax is predicted to be 
-10.66 and -10.37 mAcm
-2
 respectively for the thin film peak (< 100 nm). It 
 187 
can be seen that the modelled Jmax for a MoOx anode buffer layer is higher 
than that of PEDOT:PSS based devices at large (> 95 nm) active layer 
thicknesses. This was actually observed from the optimised device active 
layers presented in Table 7.2. Here, a max PCE was determined at an active 
layer thickness of 90 nm using a MoOx buffer layer, whereas optimal 
efficiency using PEDOT:PSS occurred at a lower active layer thickness of 
60 nm. 
 
 
Figure 7.5 Modelled photocurrent at the thin film interference peak for 
PEDOT:PSS and MoOx anode buffer layers. 
 
To explore the nature of phase separation in devices spun from CHCl3, 
topological and phase images were recorded using an AFM (see Section 
3.6) and are displayed in Figure 7.6. Both of these images indicate good 
evidence for a thin film which may perform well in devices; it can be seen 
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that the thin film is smooth having a root-mean square (RMS) roughness of 
~ 1 nm. The phase image also shows a phase-separation below the 
resolution of the microscope, indicating that the fullerene and PFDT2BT-8 
are very finely mixed. 
 
 
Figure 7.6 Topological and phase image (1 μm x 1 μm) of 
PFDT2BT-8:PC70BM at 1:4 spun onto a glass substrate from a CHCl3 
solution. 
 
7.4 – OFET mobility 
Using an OFET device architecture, the hole mobility of PFDT2BT-8 is 
shown in Table 7.3 and Figure 7.7. Note that the values for PFDTBT-8 
(taken from Table 6.4) and PCDT2BT-8 (from Section 5.5.1) as well as 
F8TTBTT (sidegroups on all thiophenes) and PFDT2BT (additional 
thiophenes without any side chains) are also presented for the sake of 
comparison. It can be seen that the additional thiophenes again lead to an 
enhanced hole mobility for the fluorene unit (~ 5 x 10
-3
 cm
2
V
-1
s
-1
) which 
may be due to improved planarization of the polymer backbone and/or 
stronger intermolecular interactions. The improved fill factors observed in 
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devices are likely to be directly related to such improvements in hole 
mobility. 
 
Polymer μ / cm2V-1s-1 
PFDT2BT-8 5.06 x 10
-3
 
PFDTBT-8 4.63 x 10
-4
 
PCDT2BT-8 2.68 x 10
-3
 
F8TTBTT 2.5 x 10
-2
 
PFDT2BT 2.7 x 10
-6
 
 
Table 7.3 OFET hole mobilities for the polymer PFDT2BT-8 along with its 
carbazole equivalent PCDT2BT-8 and PFDTBT-8 (without the additional 
thiophenes) as well as F8TTBTT and PFDT2BT (taken from refs 26 and 27 
respectively). 
 
Note that mobility measurements taken for PFDT2BT indicated low values 
of 2.7 x 10
-6
 cm
2
V
-1
s
-1
 [27]. The inclusion of sidegroups on all thiophenes 
(i.e. F8TTBTT) provided high charge mobility values of 2.5 x 10
-2
 
cm
2
V
-1
s
-1
. Coupled with the differences observed from device efficiency, 
the introduction of sidegroups (as well as their positioning) can have an 
important impact on polymer solubility, mobility and bulk heterojunction 
functionality. 
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Figure 7.7 Saturated transfer characteristics of PFDT2BT-8 and 
PCDT2BT-8. Hole mobility measurements taken from the average of the up 
and down sweeps. 
 
7.5 – Conclusion 
A novel fluorene based polymer has been presented and characterised in 
organic photovoltaic devices and organic field effect transistors. It was 
shown that inclusion of additional thiophene moieties act to reduce the 
optical energy gap as well as increasing hole mobility. Device studies 
demonstrated that optimal efficiency was realised using a fast drying solvent 
(e.g. CHCl3) without the requirement of any solvent additives or any 
thermal/solvent annealing treatments. Results obtained from AFM imaging 
showed polymer:fullerene blends were characterised by a smooth film with 
little or no phase separation visible, suggesting a very finely structured 
active layer leading to efficient photocurrent generation. The observed high 
PCEs and simple production procedure (fast drying casting solvent and no 
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post-deposition treatment) highlight the potential use of this polymer for 
practical device application. 
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Chapter 8 
Conclusions 
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I have described the characterisation of a number of polymer derivatives of 
the copolymer PCDTBT and their application as the active medium in 
organic solar cells. This has involved a detailed device optimisation 
programme, with techniques used including varying the casting solvent, 
blend ratio (with the fullerene PC70BM), and altering the active layer 
thickness. 
 
In Chapter 4, the effects of different anode buffer layers and cathode 
structures on the maximum device performance for a PCDTBT:PC70BM 
OPV was explored. The use of the metal oxides MoOx and V2O5 as the 
anode buffer layer demonstrated enhanced device efficiency compared with 
those utilising PEDOT:PSS and were used to create devices having 
promising storage stability over a 2 month period. By using a transfer matrix 
reflectivity model, the maximum photocurrent that could be generated from 
an optimised OPV was modelled for a variety of cathode materials, 
including composite structures in which a thin film of calcium was backed 
with an optically thick layer of aluminium or silver. It was found that device 
photocurrent was dependent on the reflectivity of the cathode with a calcium 
cathode resulting in a relatively low photocurrent due to increased optical 
losses. Composite structures were thus explored that combined high 
reflectivity with efficient charge extraction. It was found that OPV devices 
utilising a Ca/Al composite cathode resulted in high power conversion 
efficiencies through efficient optical harvesting and charge extraction as 
well as marginally improved open circuit voltages. This efficient cathode 
structure was consequently adopted for the remainder of the research. 
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Chapter 5 presented two polymers based on PCDTBT with soluble octyloxy 
substituents on the benzothiadiazole BT unit. The octyloxy sidegroups 
caused the optical energy gap to increase and therefore reduce the electronic 
delocalisation. This is due to the sidegroups reducing the electron accepting 
capabilities of the BT unit. The inclusion of additional spacer moieties along 
the polymer backbone caused a red-shift in the absorption, i.e. reducing the 
optical energy gap. It was also observed that the octyloxy sidegroups 
increased polymer solubility and suppressed aggregation. Bulk 
heterojunction devices based on the two soluble carbazole copolymers were 
found to have high performance in photovoltaic devices. Device 
optimisation studies indicated that a limited thermal annealing treatment 
was required to maximise power conversion efficiency, with the annealing 
temperature coinciding with the measured glass transition temperatures of 
pristine polymer thin films. Hole mobilities determined from organic field 
effect transistors (OFET) were maximised in a polymer containing 
additional thiophene moieties; an affect ascribed to a greater degree of 
backbone rigidity. The use of octyloxy sidegroups was further explored in 
the later chapters. 
 
To improve the polymer spectral overlap, a study was performed on the use 
of selenium atoms (rather than sulphur) along the polymer backbone. This 
was described in Chapter 6, where derivatives of PCDTBT were again used 
with a comparison between carbazole and fluorene units, thiophene and 
selenophene moieties, as well as those with and without soluble octyloxy 
substituents. The absorption characteristics of the selenophene based 
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polymers were observed to be red-shifted relative to their thiophene 
analogues leading to a smaller optical energy gap. The HOMO energy level 
of the selenophene polymers also relatively increased; a result likely to be 
due to their differing electronegativity and electron donating capabilities. 
Bulk heterojunction solar cells fabricated with selenophene based polymers 
were however less efficient than those of the thiophene analogues. This was 
primarily due to decreased short circuit current Jsc values attributed to lower 
molar absorption coefficients. Lower hole mobilities, as determined from 
OFET devices, necessitated the use of thinner active layers for selenophene 
polymers to maximise charge extraction efficiency, consequently restricting 
their light harvesting capabilities. Furthermore, results from 
photoluminescence quantum yield measurements suggested the potential 
presence of triplet states in selenophene based polymers which it was 
speculated could deplete the singlet-exciton population. The potential 
existence of a triplet population was also inferred from a photostability 
study in which selenophene based polymers underwent more rapid 
degradation. Despite these poor qualities, one selenophene polymer was 
shown capable of producing highly efficient devices comparable with its 
thiophene analogue. It was also demonstrated that efficient devices were 
could be created from fluorene based polymers due to enhanced Voc values, 
however polymers containing octyloxy substituents had lower FF values; a 
result in agreement with work presented in Chapter 5. The combination of 
an efficient fluorene unit, additional thiophene moieties for efficient charge 
mobility and soluble octyloxy substituents are used in the following chapter. 
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Chapter 7 presented a characterisation and OPV optimisation study of a 
novel fluorene based polymer. This polymer included additional thiophene 
moieties along the backbone which again served to red-shift its absorption 
characteristics. It was observed that the polymer also had a high hole 
mobility that was again ascribed to its greater molecular backbone rigidity. 
Device optimisation indicated that a fast drying solvent was necessary to 
achieve optimal photovoltaic efficiency. A key observation was that these 
high efficiencies were achieved without the use of a solvent additive or any 
thermal/solvent annealing treatments, thus highlighting the potential use of 
this polymer for practical device applications. 
 
8.1 – Suggestions for further work 
It is hoped that the work presented in this thesis has provided insight into a 
series of new donor polymers for OPV applications. However, additional 
work is required to fully understand some of the basic mechanisms that 
contribute to operational efficiency. In Chapter 6, the presence of triplet 
states was inferred from photoluminescence quantum yield measurements 
and photostability studies. Performing photoinduced absorption on the 
selenophene and thiophene based polymers should provide a greater insight 
into such underlying mechanisms. A comprehensive photostability study on 
selenophene based polymers, both for pristine and polymer:fullerene 
devices, should also be performed to provide an understanding of 
mechanisms that contribute to device stability in such polymer systems. 
Furthermore, a more detailed optimisation procedure could be devised for 
these selenophene based polymers to investigate the effects of thermal 
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annealing as well as solvent additives. The fluorene polymer presented in 
Chapter 7 achieved high device performance without the need for any 
annealing treatment or the addition of a solvent additive. Examination of 
device stability together with processing this polymer in air will also further 
test whether this polymer system is potentially suitable for commercial 
application. Finally, a number of different device architectures could also be 
explored using the polymers explored here (namely inverted and tandem 
devices) to see whether further increases in efficiency and stability can be 
gained.
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Appendix 
 
Figure A1 Optical image of different polymer solutions having differing 
absorption characteristics. Chemical structure and name of each polymer is 
presented below. 
 
Solution 1: PCDTBT 
 
 
Solution 2: PCDT2BT-8 
 
 
Solution 3: PCDTBT-8 
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Solution 4: MEH-PPV (from Sigma Aldrich) 
 
 
Solution 5: P3HT (from Ossila Ltd.) 
 
 
Solution 6: PCFDT 
 
 
Solution 7: PCFDT-PCFDTTPZ (random) 
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Solution 8: PCPDTBT (from 1-Material) 
 
 
Solution 9: PTB7 (from 1-Material) 
 
 
Solution 10: P(NDI2OD-T2) (from Polyera) 
 
 
Solution 11: PDTBTBT-8 
  
 
